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ABSTRACT 

Instantaneous h e a t  f l u x  rates w e r e  measured a t  the  end- 

wa l l  of  a tube  i n  which shock-fronted, l o n g i t u d i n a l  p r e s s u r e  

waves w e r e  generated.  Pressure  o s c i l l a t i o n s  wi th  f requencies  

of 479-881 Hz, amplitudes up t o  175 p s i  peak-to-peak, and 

average tube p res su res  f r o m  40 t o  190 p s i a  w e r e  obtained. 

The h e a t  f l u x  was c a l c u l a t e d  from t h e  s u r f a c e  temperature of 

t h e  end-wall as measured by a t h i n  platinum r e s i s t a n c e  f i l m  

depos i ted  on a Pyrex s u r f a c e  i n s e r t e d  i n t o  t h e  end-wall. 

The ins tan taneous  f l u x  w a s  found t o  be  l a r g e  compared 

t o  t h e  t i m e  average h e a t  t r a n s f e r  rate.  The ins tan taneous  

r a t e s  increased  wi th  inc reas ing  p res su re  r a t i o  and w e r e  pro- 

p o r t i o n a l  t o  t h e  square  root of t h e  product  of t h e  wave f r e -  

quency and t h e  time-averaged p res su re  of t h e  o s c i l l a t i o n s .  

A one-dimensional model w a s  solved numerically for t h e  

case of zero  n e t  h e a t  t r a n s f e r  t o  t h e  end-wall. T h e  calcu- 

l a t i o n s  agreed with t h e  experimental ly  observed t r ends  and 

c o r r e c t l y  p red ic t ed  t h e  shape of t h e  p e r i o d i c  po r t ion  of 

t h e  f lux .  
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SUMMARY 

This  experimental  i n v e s t i g a t i o n  i s  concerned wi th  t h e  

ins tan taneous  h e a t  f l u x  rates a t  t h e  end-wall of a tube  i n  

which shock-fronted, l o n g i t u d i n a l  p r e s s u r e  waves have been 

generated,  P res su re  o s c i l l a t i o n s  i n  a frequency range of 

479-881 H z ,  w i th  amplitudes up t o  175 p s i  peak-to-peak, w e r e  

obtained with time-averaged tube p res su res  f r o m  40 t o  1 9 0  

p s i a .  

The p re s su re  waves w e r e  genera ted  by p e r i o d i c a l l y  

i n t e r r u p t i n g  t h e  i n l e t  a i r  flow t o  a resonant  c i r c u l a r  

tube  by means of a r o t a t i n g  s i r e n  d i s k  so that  p e r i o d i c  

shock-fronted waves w e r e  fopmed. The a i r  f l o w  w a s  b l e d  

from t h e  per iphery  of t h e  tube  through a t h i n  gap t h a t  w a s  

maintained between t h e  open end of t h e  tube  and a f l a t  

p l a t e  l oca t ed  perpendicular  t o  t h e  tube  a x i s ,  This p l a t e  

f o r m s  t h e  end-wall on which t h e  ins tan taneous  h e a t  t r a n s f e r  

w a s  s tud ied .  The ins tan taneous  h e a t  f l u x  a t  t h e  c e n t e r  of 

t h e  end-wall w a s  c a l c u l a t e d  f r o m  t h e  s u r f a c e  temperature 

o s c i l l a t i o n  as measured by a t h i n  plat inum r e s i s t a n c e  f i l m  

depos i ted  on a Pyrex s u r f a c e  i n s e r t e d  i n t o  t h e  end-wall. 

A t  t h e  c e n t e r  of t h e  end p l a t e  t h e  f l u i d  flow w a s  n o t  

appreciably a f f e c t e d  by t h e  a i r  b l eed  a t  t h e  tube  circum- 

ference,  Therefore,  t h e  f l o w  a t  t h e  end-wall w a s  s i m i l a r  

t o  t h a t  which occurs  a t  t h e  end of a r a r e f a c t i o n  wave tube ,  

except  t h a t  t h e  wave w a s  r e p e t i t i v e .  The v e l o c i t y  f l u c t u -  

a t i o n s  of t h e  gas  w e r e  assumed normal t o  t h e  end-wall, and a 

one-dimensional a n a l y s i s  w a s  performed t o  p r e d i c t  t h e  

ins tan taneous  h e a t  f l u x  a t  t h e  c e n t e r  of t h e  end-wall. 



i v  

The thermal boundary l a y e r  w a s  t h i n ,  compared t o  t h e  

wavelength of t h e  o s c i l l a t i o n ,  pe rmi t t i ng  t h e  p re s su re  t o  

be assumed independent of t h e  d i s t a n c e  f r o m  t h e  end-wall 

and t h e r e f o r e  a func t ion  of t i m e  a lone.  The p r e s s u r e  

v a r i a t i o n  wi th  t i m e  w a s  provided f r o m  t h e  experimental  

da ta .  The thermophysical p r o p e r t i e s  w e r e  assumed con- 

s t a n t  throughout t h e  boundary l aye r .  The gas  temperature  

w a s  assumed t o  f l u c t u a t e  i s e n t r o p i c a l l y  a t  t h e  o u t e r  edge 

of t h e  boundary l a y e r  and assumed t o  be cons t an t  a t  t h e  

end-wall su r f ace .  

The unsteady energy equat ion w a s  numerically solved 

by a f i n i t e  d i f f e r e n c e  p red ic to r - co r rec to r  method fo r  the  

case  of a zero n e t  h e a t  t r a n s f e r  a t  t h e  end-wall. Both t h e  

theory  and experimental  d a t a  show t h a t  t h e  ins tan taneous  

heat f l u x  r a t e s  i n c r e a s e  as t h e  p re s su re  r a t i o  across t h e  

wave inc reases  and are d i r e c t l y  p ropor t iona l  t o  t h e  square 

r o o t  of t h e  product  of t h e  frequency and t h e  time-averaged 

p res su re  of t h e  o s c i l l a t i o n .  Both theory and experiment 

also showed t h a t  t h e  maximum h e a t  f l u x  ra te  i s  concomitant 

w i t h  t h e  p re s su re  shock f r o n t  and wi thout  measurable t i m e  l a g  

between the t w o  events .  T h e  t h e o r e t i c a l  c a l c u l a t i o n s  and 

experimental  data w e r e  found t o  agree w e l l  fo r  t h e  range of 

condi t ions  s tud ied .  
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INTRODUGT ION 

In recent years an interest has developed in under- 

standing the effects of pressure oscillations on forced con- 

vection heat transfer. This interest has been motivated by 

the observed increase in the average heat transfer rates 

when pressure oscillations are imposed on the flowing fluid. 

For example, it has been found that the pressure oscillations 

in a rocket combustion chamber experiencing unstable com- 

bustion can cause as much as a three-fold increase in the 

average heat transfer rate to the combustion chamber walls. 

The present heat transfer investigation was undertaken 

to provide information on the instantaneous heat flux from a 

gas in which the fluctuating pressure waves are of a shape 

and frequency encountered during combustion instability in 

rocket engines. It is therefore appropriate that the gen- 

eral problem of combustion instability be briefly discussed. 

Combustion instability is characterized by extreme 

pressure oscillations in the combustion chamber that often 

are as large as f 50-100 percent of the mean chamber pressure 

(Berman, Bollinger, Zucrow). The severe mechanical vibrations 

from these oscillations can structurally damage the rocket. 

In addition, the increase in the heat flux at the chamber 

walls may cause the wall temperature to reach the melting 

point. Pressure oscillations of this magnitude cannot be 
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tolerated in the operation of a rocket engine and must be 

eliminated before the engine can be used in flight. 

The oscillations can occur at low frequencies ( <  100 Hz, 

called "chugging") , as well as at high frequencies (> 500 Hz, 

called "screaming"). The pressure wave shapes are generally 

of two types - sinusoidal and steep-fronted. As might be 

expected, the steep-fronted waves are the more damaging. 

Such high frequency oscillations can occur in any one of 

four acoustic modes - longitudinal, transverse, radial, and 
mixed. 

Low frequency instability is well understood as being 

caused by the interaction between the injection system 

dynamics and the dynamic response of the combustion chamber 

pressure to propellant flow variations (Barrere, Sutton). 

The high frequency instabilities are not as well understood, 

but have been found to be attributable to the combustion 

process itself (Priem; Crocco, 1964). 

As far as this author is aware, all of the previous 

investigations into the effect of pressure oscillations on 

heat transfer have been concerned with measuring time- 

averaged heat transfer rates. However, for the purpose of 

studying the mechanisms which cause combustion instability, 

a knowledge of instantaneous heat transfer rates may be - 

helpful. With this in mind, two investigations were under- 

taken at the University of Wisconsin under,NASA sponsorship. 

In the first investigation, Wendland measured the 

instantaneous heat flux at the end of a cylinder in which 
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pressure oscillations were imposed by a piston, The pressure 

oscillations were of a sinusoidal type with an amplitude of 

400 psi and a frequency range of 15-58 Hz. 

In the present investigation an apparatus was designed 

and built to generate longitudinal shock-fronted pressure 

waves in a tube at frequencies up to 1080 Hz. The standing 

pressure waves were produced in a resonant tube by periodi- 

cally interrupting the air flow from a converging nozzle 

inlet by means of a rotating siren disk. The air flow was 

bled from the periphery of the tube through a thin gap that 

was maintained between the open end of the tube and a flat 

plate located perpendicular to the tube axis, This plate 

formed the end-wall on which the instantaneous heat flux 

was measured. 

The text which follows begins with a survey of the 

literature on the effect of both small and large amplitude 

pressure waves on the time-averaged heat flux. This is 

followed by a description of the experimental apparatus that 

was used in the present investigation, along with a dis- 

cussion of its performance. A theoretical, model for pre- 

dicting instantaneous heat transfer rates is then described, 

the resulting solutions are compared with the experimental 

data, and the conclusions are discussed. Finally, recom- 

mendations for future work are presented. 
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CHAPTER ONE 

SURVEY OF THE LITERATURE 

The purpose of this chapter is to acquaint the reader 

with the literature pertinent to this investigation that 

exists concerning heat transfer in oscillating flows. For 

a more detailed treatment, the reader is referred to a 

recent publication by Bogdanoff which contains an extensive 

survey of the literature. The chapter concludes with a 

short discussion of the similarities in the flow conditions 

at the end-wall of a shock tube and a rarefaction wave tube 

to the flow conditions in the present investigation. 

1-1 FORCED CONVECTION - SMALL PFCESSURE AMPLITUDES 

A substantial amount of heat transfer data has been 

obtained at pressure amplitudes on the order of one psi 

peak-to-peak for both internal flows (inside tubes) and 

external flows (over flat plates). Hwu acoustically 

induced pressure oscillations in a double pipe heat exchanger 

at frequencies from 198-322 Hz, with Reynolds numbers of 

800-6000. The heat transfer coefficient was found to 

increase (up to 50 percent) with the frequency and amplitude 

of the pressure fluctuations. Chalitbhan obtained a 100 

percent increase in the heat transfer coefficient by 
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introducing the pulsations from two air compressors into a 

double pipe heat exchanger. Although the frequency of the 

oscillations was low (3-15 Hz), the Reynolds number range 

was large (7000-200,000) . 
Investigations at the Georgia Institute of Technology 

by Spurlock, Jackson, Eastwood, Purdy, and others have 

been extensive. Sinusoidal pressure oscillations were 

imposed on air flowing at near atmospheric pressure in a 

resonant isothermal tube by pointing a driver and horn into 

the downstream end of the tube. Frequencies in the range 

of 150-350 Hz were used - with pressure amplitudes on the 
order of one psi peak-to-peak. The local heat transfer 

coefficient was found to vary periodically between the 

nodes and antinodes of the resonant sound wave. Two regimes 

of heat transfer were discovered. In the first regime, 

which occurred at Reynolds numbers less than 20,000, the 

maximum coefficient occurred at the velocity antinodes - 
while the minimum heat transfer coefficient occurred at the 

velocity nodes. Until a certain critical sound pressure 

level (SPL) was reached (155 db at 222 Hz and a Reynolds 

No. = 20,000), no effect on the local heat transfer coeffi- 

cient’could be observed; after this, an increase in the 

SPL resulted in an increase in the local Nusselt number. 

The maximum overall increase in the average Nusselt number 

was 20 percent. 
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There was a gradual transition region as the Reynolds 

number was increased - until at 40#000 and greater, the 
maximum heat transfer coefficient occurred at the velocity 

nodes. In this regime the pressure waves were found to 

s u p p ~ ~ s s  the heat transfer coefficient; and an increase in 

the SPL reduced the average.Nusselt number. 

Purdy et al. for laminar flow predicted the formation of 

vortices - which was later confirmed by experiment. Evi- 

An analysis by 

dently, a change in the vortex pattern at the larger Reynolds 

numbers explains the existence of the two regimes of heat 

transfer. 

The critical sound pressure levels, below which there 

was no observed effect on the local Nusselt nwnlrer, were 

investigated by Eastwood et ale The existence of a 

critical SPL indicated that the secondary flows did not 

dominate the flow field until the pressure disturbance 

reached a critical level. 

Bayley et al. studied the effect of pressure oscilla- 

tions on the heat transfer from an electrically heated flat 

plate. Pressure oscillations af lo-100 Hz were produced in 

a duct by rotating a butterfly valve at the outlet of a 

six-stage blower. 

tube, no increase in the average heat transfer coefficient 

was observed until a certain critical pressure amplitude 

was reached. Bayley et al. believed that the critical 

pressure amplitude corresponded to the point at which flow 

As was observed for internal flow in a 
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reversal occurred on the plate. The maximum increase in the 

heat transfer rate was 50 percent. 

Feiler and Yeager produced pressure oscillations at 

34-680 Hz in a duct by means of a siren located upstream. 

The heat transfer from a flat plate placed in the duct 

parallel to the air stream was studied. It was found that 

the resulting velocity fluctuations produced an effect on 

heat transfer from the plate similar to that caused by an 

increase ir, the free stream turbulence intensity. High- 

speed schlieren photographs of the thermal boundary layer 

indicated that the outer edge of the layer was irregular 

in shape. Flow reversals in the boundary layer were 

observed, and fragments of the layer were dissipated in 

the main stream. This mechanism accounted for the observed 

increase in heat transfer. 

Each of the above authors presented correlations for 

their data, but the usefulness of the correlations is 

questionable due to the limited range of data upon which 

each was based. However, it has been demonstrated that 

secondary flows play an important role in determining the 

heat transfer rate. Several authors have found that the 

pressure oscillations must be of sufficient strength to 

develop secondary flows. Feiler and Yeager found that the 

imposed pressure oscillations had an effect on heat transfer 

similar to that caused by an increased amount of free stream 

turbulence. Because of this similarity, their results were 
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correlated using the turbulence intensity as a parameter. 

1-2 FORCED CONVECTION - LARGE PRFiSSURE AMPLITUDES 

During the past ten years, Harrje, Saunders, Marec, 

Bogdanoff, and others at Princeton University have studied 

the effect of large amplitude (50 psi peak-to-peak) steep- 

fronted pressure waves on the heat transfer in tubes. 

Pressure waves were generated in a resonant tube by a siren 

located at the downstream end of the tube. The tube was 

of sufficient length so that the pressure waves had steep- 

ened by the time they reached the test section, which was 

a heated nichrorne ribbon mounted in the wall of the tube. 

Heat flux increases of up to 200 percent have been obtained 

in this apparatus. The increase in heat flux was found to 

be a function of: (1) the amplitude of the local velocity 

oscillations, (2) the frequency of the oscillations, 

( 3 )  the time-averaged gas pressure, and (4) the Mach number. 

The investigations were performed in fully developed turbu- 

lent flow at frequencies from 50-500 Hz. Maximum heat 

transfer rates occurred at the velocity antinodes. By use 

of an axially traversing heater section, it was also found 

that the degree of flow reversal was important (Marec and 

Harrje). 

I 

Recently, Bogdanoff performed an investigation into 

the importance of viscous dissipation, acoustic streaming, 

and the turbulence structure on heat transfer in an 
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isothermal tube. It was shown that the most important 

mechanism by which the pressure oscillations increase the 

heat transfer is through the'generation of "abnormal" 

turbulence in the boundary layer. Viscous dissipation and 

acoustic streaming were found not to be important in most 

cases. 

Investigations at both small and large pressure ampli- 

tudes have shown that turbulence plays an important role in 

heat transfer in oscillating flows. Thus, as progress is 

made toward an understanding of the mechanism of turbulence, 

so will progress be made in this area of heat transfer. 

1-3 SHOCK TUBES AND RANFACTION WAVE TUBES 

Because of the geometrical similarities in the heat 

transfer situation at the end of shock tubes and rarefaction 

wave tubes to that of the present situation, a short dis- 

cussion of these areas of research is included. The pri- 

mary difference is that, in the above cases, the flow is 

not periodic; whereas in the present case it is. The inves- 

tigations at the end of shock tubes (Clarke, Busing, 

Frieman, Peng, Lauver) are intended to determine the gas 

thermal conductivities and surface accommodation coefficients 

at elevated gas pressures and gas temperatures. The reflec- 

tion of the shock wave from the end of the tube provides a 

stagnant gas from which heat is transferred to the end wall. 

From the instantaneous surface temperature measurement, the 
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thermal conductivity of the gas and surface accommodation 

coefficients can be calculated by a one-dimensional analysis. 

The analysis of the end-wall heat transfer in a rare- 

faction wave tube (Levy, Chao) is more directly applicable 

to the present investigation than the shock tube work. The 

expansion process is similar to that which occurs during one 

cycle in this author's apparatus. Many of the basic assump- 

tions concerning the thin thermal boundary layer are the 

same for both cases. Hawever, their analyses differ in 

that the boundary condition at the outer edge of the thermal 

layer is non-periodic. As would be expected, the end-wall 

heat flux decreases rather sharply as the expansion of the 

gas progresses. The heat flux rates obtained were more 

than an order of magnitude below those obtained in the 

present analysis, although the form was similar. 
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CHAPTER TWO 

EXPERIMENTAL APPARATUS 

This chapter is a description of the experimental 

apparatus used in this investigation. First, the mechanical 

components of the apparatus are described in detail, followed 

by a description of the instrumentation used. At the end 

of the chapter, the operating procedure used during each 

test run is briefly discussed. 

A schematic diagram of the experimental apparatus is 

presented in Fig. 2-1.l Pressure oscillations in the reso- 

nant tube are obtained by periodically interrupting the 

upstream air flow by rotating the siren disk at a frequency 

which corresponds to the resonant frequency of the tube. 

The air is supplied from a bank of air cylinders pressurized 

to 2500 psia. After each test run the air supply is 

replenished by use of a high pressure air compressor. A 

pneumatic control valve maintains the air pressure at the 

siren inlet constant during a test run. After the air 

passes through the resonant tube, the pressure of the air 

is reduced to nearly atmospheric before the flow rate is 

measured by a sharp edged orifice located in the discharge 

line. The resonant tube section of the schematic diagram 

is shown expanded in Fig. 2-2. 

'Figures are located at the end of each chapter. 
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S i r e n  Assembly 

The s i r e n  assembly, as shown i n  Fig.  2-3, c o n s i s t s  of  

t h r e e  b a s i c  components: (1) the  s i r e n  d i s k ,  which pe r iod i -  

c a l l y  i n t e r r u p t s  t h e  a i r  supply t o  t h e  tube  and thus  gener- 

a t e s  t h e  p re s su re  waves i n  t h e  tube ,  ( 2 )  t h e  i n l e t  nozzle ,  

which l i m i t s  t h e  m a s s  f low r a t e  i n  t h e  tube ,  and ( 3 )  t h e  

l a b y r i n t h  type  seals, which minimize a i r  leakage from t h e  

apparatus .  I t  w a s  found convenient t o  c o n s t r u c t  t h e  s i r e n  

assembly f r o m  an e x i s t i n g  steam t u r b i n e .  The t u r b i n e  wheel 

w a s  replaced by t h e  s i r e n  d i s k ,  and a boss w a s  welded onto 

each s i d e  of t h e  upper t u r b i n e  housing t o  provide mounting 

su r faces  fo r  the  o t h e r  components. 

The s i r e n  d i sk  i s  twenty-three inches i n  diameter ,  

wi th  e ighteen  equa l ly  spaced holes l o c a t e d  as shown i n  

Fig. 2-4.  I n  o rde r  t o  minimize v i b r a t i o n  of t h e  d i s k ,  as 

caused by the  a l t e r n a t e  c los ing  and opening of t h e  a i r  

supply t o  the  resonant  t ube ,  t h e  d i sk  w a s  made 0.88 i n .  

t h i c k .  For a s t a t i o n a r y  d i sk  of t h i s  s i z e ,  t h e  n a t u r a l  

frequency i s  c a l c u l a t e d  t o  be g r e a t e r  than  2500 H z  

(Timoshenko and Young). H o w e v e r ,  when the d i sk  i s  r o t a t i n g ,  

c e n t r i f u g a l  f o r c e  w i l l  resist any d e f l e c t i o n  of t h e  d i s k  

and thereby inc rease  i t s  n a t u r a l  frequency. An a d d i t i o n a l  

b e n e f i t  ob ta ined  by having a t h i c k  d i s k  i s  t h a t  it makes an 

e f f e c t i v e  flywheel. Therefore,  a l though there is  a l t e r n a t e  

loading of t h e  s i r e n  d i s k  as it i n t e r r u p t s  t h e  a i r  flow, 
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i t s  speed remains cons tan t .  The s i r e n  d i s k  s h a f t  i s  con- 

nected t o  a 30 Hp, AC motor by a series of V - b e l t s .  T h e  

motor speed is  cons t an t  a t  3600 rpm, and t h e  s i r e n  s h a f t  

can be dr iven  a t  fou r  speeds so t h a t  p re s su re  waves a t  f r e -  

quencies of 4 7 9 ,  694 ,  881, and 1080 Hz can be generated.  

The c r i t i ca l  speed f o r  t h e  s h a f t  w i t h  t h e  s i r e n  d i s k  

mounted is  7000 rpm (Baumeister). T h i s  assembly w a s  dynam- 

i c a l l y  balanced before  i n s t a l l a t i o n .  

The s i r e n  d i s k  w a s  f a b r i c a t e d  from "T-1" Type A 

cons t ruc t iona l  a l loy  steel with a LO0,OOO p s i  y i e l d  

s t r eng th .  With t h i s  high s t r e n g t h  steel, t he  b u r s t  speed 

of t h e  d i sk  i s  1 1 , 0 0 0  rpm (Roark). Therefore ,  there is  a 

s a f e t y  f a c t o r  of three a t  t h e  maximum ope ra t ing  speed of 

3600 r p m .  

The converging i n l e t  nozzle  has  an e l l i p t i c a l  en t rance  

p r o f i l e  followed by a s t r a i g h t  bore s e c t i o n .  Severa l  

nozzles  w i t h  d i f f e r e n t  throat  diameters  w e r e  used. The 

d e s i r e d  ope ra t ing  condi t ions  f o r  t h e  run determined which 

nozzle w a s  i n s t a l l e d  i n  t h e  apparatus .  

Two l a b y r i n t h  type  seals are used t o  minimize a i r  

leakage f r o m  t h e  apparatus .  The l a b y r i n t h  seals c o n s i s t  of 

a series of concen t r i c  l i p s  which are ad jus t ed  t o  wi th in  a 

few thousandths of an inch from t h e  s u r f a c e  of t h e  s i r e n  

d i sk .  When con tac t  w i t h  t h e  steel s i r e n  d i sk  does occur ,  

such as during wear-in of the  seals, t h e  t h i n  l i p  of t h e  

seal quickly w e a r s  away, s i n c e  it is  made of Asarcon 773 

bear ing  bronze (SAE des igna t ion  6 6 0 ) .  
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The s i r e n  assembly components are designed for an 

i n l e t  a i r  p re s su re  of 600 p s i a .  The housing which enc loses  

t h e  s i r e n  d i s k  i s  no t  pressur ized .  The a i r  leakage i n t o  t h e  

housing i s  discharged t o  t h e  atmosphere through a sharp  

edged o r i f i c e  by which t h e  r a t e  of a i r  leakage i s  monitored. 

Tube Assemblv 

The tube assembly c o n s i s t s  of t h r e e  components: 

(1) t h e  t e l e scop ing  assembly, ( 2 )  s e v e r a l  spacers ,  and 

( 3 )  t h e  main tube.  These components enable  t h e  tube  l eng th  

t o  be ad jus t ed  t o  a resonant  length  p r i o r  t o  each tes t  run, 

All d t h e  components are made of b r a s s .  The apparatus  as 

viewed from t h e  tube end i s  shown i n  Fig.  2-5. The tes t  

p l a t e  has  been removed and i s  shown on t h e  r i g h t .  

The t e l e scop ing  assembly as shown i n  Fig.  2-6 provides  

f o r  a continuous length  adjustment of  1.25 i n .  The f e a t h e r  

s e c t i o n  is  tapered  so t h a t  t h e r e  i s  a gradual  t r a n s i t i o n  i n  

t h e  i n s i d e  diameter of t h e  tube assembly from 0.907 t o  

0.957 i n . ,  where t h e  t i p  th ickness  i s  0.005 i n .  Since t h e  

i n s i d e  diameter  of t h e  remainder of t h e  tube i s  0.968 i n . ,  

t h e r e  i s  an abrupt  change i n  t h e  tube I . D .  of 0 . 0 1 1  i n .  

This small  abrupt  change i n  t h e  tube  I.D. w a s  n o t  d e t r i -  

mental t o  t h e  shape of t h e  pressure  wave generated.  -2-7 

is  a view of t h e  upper s i r e n  housing wi th  t h e  a i r  i n l e t  on 

t h e  l e f t  and t h e  t e l e scop ing  assembly on t h e  r i g h t .  
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One inch incremental  changes i n  tube  l eng th  are 

obta ined  by i n s e r t i n g  several l eng ths  of  space r s  i n  series. 

The spacers  are p i l o t e d  so t h a t  t h e  s t e p  i n  t h e  I . D .  of t he  

tube is  maintained a t  less than 0 .001  i n .  a t  each i n t e r f a c e .  

With t h e  use of d i f f e r e n t  main tube l eng ths ,  t h e  t o t a l  tube 

length  can be ad jus t ed  from 20 t o  117  i n .  

T e s t  Sec t ion  

The a i r ,  with superimposed p res su re  o s c i l l a t i o n s ,  flows 

down t h e  length  of t h e  tube and is  r a d i a l l y  discharged a t  

t h e  tube end through t h e  gap between t h e  test  p l a t e ,  which 

f o r m s  t h e  tube end-wall, and t h e  t es t  p l a t e  ho lder  (see 

Fig.  2 - 8 ) .  T h i s  con f igu ra t ion  forms a converging-diverging 

nozzle w i t h  the  th roa t  loca t ed  a t  t h e  tube  diameter and w i t h  

t h e  d iverg ing  po r t ion  being formed by t h e  gap between t h e  

t e s t  p l a t e  and i t s  holder .  The tes t  s e c t i o n  c o n s i s t s  of a 

one inch diameter Pyrex i n s e r t  mounted i n  t h e  t es t  p l a t e .  

Since v i b r a t i o n  of t h e  t es t  p l a t e  caused by t h e  impacting 

p res su re  waves could a f f e c t  t h e  heat t r a n s f e r  a t  t h e  p l a t e ,  

t h e  v i b r a t i o n  w a s  minimized by using a cast i r o n  p l a t e  

1 . 1 2 5  i n .  t h i c k .  
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2-2 INSTRUMENTATION 

The nature of this investigation requires that cyclic 

surface temperature measurements and cyclic gas pressure 

measurements be obtained. This imposes a stringent 

requirement on the instrumentation since the oscillations 

occur at such a high frequency (479-881 Hz). The location 

of the instrumentation which is installed near the test 

section is shown in Fig. 2-9. 

Surface Temoerature 

The cyclic surface temperature measurement was 

difficult since the amplitude of the temperature oscillation 

was quite low (0.25-2.0°F), in addition to being at a 

high frequency. Currently, there are three techniques 

available by which the surface temperature oscillation 

could have been accurately measured. All three techniques 

utilize evaporated thin films on the surface whose temper- 

ature is to be measured. Thin film thermocouples in which 

two evaporated films are overlapped have been developed by 

Hackemann, Bendersky, and others. These are commonly used 

for interior surface temperature measurements in internal 

combustion engines (Bennethum, Pless, Overbye). 

Thin film resistance thermometers are extensively used 

in shock tube work where microsecond response is necessary 

(Bogdan, Hall, Hartunian, Miller, Vidal). Hall gives a 
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good historical account of the development of the thin film 

thermocouple and the resistance thermometer. The thin film 

resistance thermometer was chosen for this investigation 

because, when placed in a bridge circuit, its output sensi- 

tivity is greater than that of the thin film thermocouple. 

Because of the greater sensitivity of thin resistance films, 

thin film thermocouples have largely been abandoned in 

shock tube applications. 

The third technique is a recent development - within 
the last year - whereby thin film thermistors have been pro- 
duced in a thickness range of 500 A - 950 A (Victory Engi- 

0 0 

neering Co.). This technique seems quite promising because 

of the great sensitivity of thermistors to temperature 

changes. However, this author is not aware of any refer- 

ences in which transient surface temperatures have been 

measured by a thin film thermistor. 

In order to obtain measurable surface temperature 

oscillations, it was necessary to use a low thermal con- 

ductivity surface - thereby minimizing the thermal penetra- 
tion depth. Since thin film' resistance sensors deposited 

1 
on No. 7740 Pyrex substrate were commercially available, 

it was decided to make the test surface from No. 7740 Pyrex. 

The sensor used was a 0.062 in. thick disk, 0.190 in. in 

diameter, with a 0.020 in. wide platinum film 1000 A thick 
0 

deposited on its surface. The thin film sensor was mounted 

'Astro-Space Laboratories, 2104 Memorial Parkway, Huntsville, 
Alabama 35801. 
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in a one inch diameter disk of Pyrex as shown in Fig. 2-10. 

This assembly was then mounted in the test plate as shown 

in Fig. 2-9. 

The sensor was bonded to the Pyrex disk with a 0.001 

in. thick layer of epoxy around its edge. This was cured, 

and the remaining cavity behind the sensor was filled with 

epoxy and cured once again. The surfaces were flush within 

0.001 in., so that any disturbance to the air flow was 

minimized. Both the sensor substrate and the disk in which 

it was mounted were of the same material (No, 7740 Pyrex) - 
insuring that there would be no disruption in the surface 

temperature distribution due to dissimilarities in thermal 

properties. The platinum is chemically bonded to the Pyrex, 

insuring good thermal contact. A protective silicon monoxide 

overcoating, 1000 A thick, was applied to the platinum film. 

With this coating, the response time of the sensor was 

approximately 10 microseconds. The electrical leads are 

0 

attached to the rear of the sensor, and hence do not disturb 

the surface temperature distribution. Before attachment of 

these leads, a thin film connecting the platinum strip with 

the rear of the sensor was deposited. A photograph of the 

sensor as mounted in the test plate is shown in Fig. 2-11, 

The platinum thin film w a s  placed in the constant 

current Wheatstone bridge circuit shown in Fig. 2-12. In 

order to insure that the joule heating of the thin film 

was negligible, the current through the thin film was 

limited to two milliamperes, The bridge sensitivity was 
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approximately 0.2 mv/OF and linear in its operating range. 

The output signal from the bridge was amplified one thousand 

times before being displayed on an oscilloscope, 

amplified signal was then passed through a low pass filter 

so that the average surface temperature rise could be 

recorded on a Brush chart recorder. The resistance versus 

temperature calibration of the thin platinum film is linear, 

as shown in Fig. 2-13. 

The 

Pressure 

The oscillating gas pressure was measured with a 

Kistler (601L) piezoelectric pressure transducer with a rise 

time of three microseconds and a resonant frequency of 

130,000 Hz. The transducer was used in conjunction with a 

Kistler (No. 566) charge amplifier. The signal output from 

this system was linear over the operating range, This 

transducer was chosen because of its small size (0.25 in. 

diameter by 0.6 in. long), and it was mounted in the side 

of the tube 0.5 in. from the test surface (see Fig. 2 - 9 ) .  

The recess resulting from the mounting of the pressure 

transducer was filled with RTV adhesive/sealant to minimize 

disturbance to the air flow, A Bourdon pressure gauge with 

a pulsation snubber in the connecting instrument line was 

used to monitor the average gas pressure in the tube. 
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Gas Temperature 

The thermocouple probe used to measure the average gas 

temperature was placed in the center of the tube, 0.5 in. 

from the test surface, as shown in Fig. 2-9. The thermo- 

couple was supported by a 0.008 in. diameter stainless 

steel sheath approximately 0.5 in. long. The small size 

was chosen to minimize any disturbance to the air flow. 

The thermocouple wires were 0.001 in. diameter, with a 

0.003 in. diameter exposed bead. As with the pressure 

transducer installation, the recesses in the tube wall due 

to the mounting of the probe were filled to minimize the 

disturbance to the air flow. 

Mass Flow Rate 

After the air was discharged from the end of the tube 

and its pressure reduced to nearly atmospheric, it passed 

through a sharp-edged orifice, From the measurement of 

the pressure drop across the orifice, the average mass 

flow rate was calculated. 
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2 1  

The frequency of t h e  p re s su re  o s c i l l a t i o n  w a s  

measured by means of an electromagnetic pickup, which 

produced e igh teen  pu l ses  per  r evo lu t ion  of t h e  s i r e n  s h a f t .  

Since there are also e ighteen  ho le s  i n  t h e  s i r e n  d i s k ,  t h e  

frequency a t  which t h e  pressure  waves w e r e  produced could 

be measured by an e l e c t r o n i c  counter .  The e l e c t r o n i c  

counter  w a s  cycled every t e n  seconds during a test  run, 

and t h i s  showed t h a t  t h e  frequency remained cons t an t  . 

wi th in  k 0.5 Hz during each tes t  run. 

2 -3 OPERATING PROCEDURE 

The experimental  apparatus  i s  loca ted  i n  a tes t  ce l l  

ad jacent  t o  the  c o n t r o l  room. This  arrangement i s  d e s i r -  

a b l e  s i n c e  dur ing  a tes t  run t h e  ope ra t ing  personnel  are 

separa ted  from t h e  high speed r o t a t i n g  s i r e n  d i s k ,  t h e  

high p res su re  a i r ,  and the  i n t e n s e  noise  l e v e l .  Fkjuxe 2-14 

i s  an overall view of  t h e  c o n t r o l  room, t o  which a l l  t h e  

t e s t  d a t a  w e r e  t r ansmi t t ed  and recorded during a tes t  run. 

A tes t  run w a s  begun by f i r s t  s t a r t i n g  the s i r e n  d i s k .  

Once the  s i r e n  d i s k  had reached a cons t an t  speed, t h e  

i n l e t  a i r  p re s su re  w a s  g radual ly  increased  u n t i l  t h e  

d e s i r e d  average tube  pressure  w a s  reached. The  i n l e t  

p re s su re  (and consequently t h e  average tube  p res su re )  

w a s  then  maintained cons t an t  by t h e  upstream c o n t r o l  
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valve, and the data were recorded. The data were taken 

as quickly as possible because of the limited air s 

a typical run taking from sixty to ninety seconds. The 

air flow was then stopped, and the power to the siren 

disk shut off. 
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CHAPTER T H m E  

PERFORMANCE OF THE APPARATUS 

A d i scuss ion  of the  performance of t h e  apparatus  a s  

a f f e c t e d  by t h e  ope ra t ing  condi t ions  i s  included i n  t h i s  

chapter .  The shape of t h e  pressure  wave and i t s  amplitude 

are of g r e a t e s t  i n t e r e s t  and are d iscussed  i n  d e t a i l .  The 

inc rease  i n  t h e  s t agna t ion  temperature of t h e  gas  i n  t h e  

resonant  tube ,  which r e s u l t s  from t h e  a c t i o n  of t h e  pressure  

waves, is discussed;  and t h e  chapter  concludes with t h e  

r e s u l t s  of a b r i e f  flow v i s u a l i z a t i o n  s tudy  which was under- 

taken a t  t h e  test  sec t ion .  

3-1 EFFECT OF OPERATING VARIABLES ON THE WAVE PRESSURE RATIO 

The amplitude of t h e  pressure  waves generated by t h e  

apparatus  i s  a func t ion  o f :  

p re s su re  t o  t h e  average i n l e t  p re s su re ,  Pti ,  ( 2 )  t h e  i n l e t  

nozzle  t h r o a t  a r e a ,  ( 3 )  t h e  frequency, and ( 4 )  t h e  resonant  

tube length .  T h e  temporal pressure  wave shape t h a t  i s  

obta ined  a t  t h e  test  p l a t e  i s  s i m i l a r  t o  t h a t  shown i n  

Fig. 3-1 and d i f f e r s  s l i g h t l y  from t h a t  measured by t h e  

pressure  t ransducer  mounted 0 . 5  i n .  upstream from t h e  p l a t e .  

(1) t h e  r a t i o  of average' tube  

'In t h e  t e x t  which fo l lows ,  a l l  averages r e f e r  t o  t i m e -  
averages.  
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T h e  d i f f e r e n c e  i n  the  shapes i s  d iscussed  f u r t h e r  i n  

Sec. 3 - 2 .  The pressure  ratio across the  wave is  def ined  

i n  Fig.  3-1 as Pr = Pm/Po 

of t h e  o s c i l l a t i o n  and Po is t h e  minimum pres su re  of t h e  

o s c i l l a t i o n .  

where Pm is  t h e  maximum pres su re  

The ope ra t ion  of the  appara tus  is  much l i k e  t h a t  of a 

shock tube i n  t h a t  t h e  s i r e n  d i s k  suddenly exposes t h e  

high i n l e t  p re s su re  t o  t h e  l o w e r  tube pressure .  T h i s  

a c t i o n  genera tes  a shock of moderate s t r e n g t h ,  However, 

un l ike  t h e  shock tube,  t h e  s i r e n  d i s k  next  s h u t s  o f f  the  

a i r  supply f o r  a short  per iod  of t i m e  before  reopening. 

During t h i s  t i m e  t h e  upstream a i r  c a v i t y ,  shown o u t l i n e d  

i n  Fig. 3-2,  undergoes a f i l l i n g  process .  The a i r  p re s su re  

i n  t h e  c a v i t y ,  P,, i nc reases  u n t i l  e i t h e r  equi l ibr ium with 

t h e  i n l e t  r e s e r v o i r  p re s su re  i s  a t t a i n e d  or the  s i r e n  

reopens - whichever occurs f i r s t .  I n  t h e  case  of higher  

f requencies ,  t h e  s i r e n  reopens before  p re s su re  equi l ibr ium 

w i t h  t h e  i n l e t  r e s e r v o i r  is a t t a i n e d  and t h e  a i r  pressure  

i n  t he  c a v i t y ,  Ps, i s  decreased. 

r e s u l t s  i n  a lowering of t h e  p re s su re  ra t io  across t h e  wave 

generated.  L i k e w i s e ,  a decrease  i n  t h e  i n l e t  nozzle 

t h r o a t  a r e a  r e t a r d s  t h e  f i l l i n g  of t h e  a i r  c a v i t y  and a l s o  

r e s u l t s  i n  a lowering of Ps. 

p re s su re  r a t io  across t h e  wave. These t r e n d s  are ev ident  

i n  t h e  performance d a t a  t h a t  are presented  i n  Figs .  3-3 

and 3-4. T h e  frequency of the  p res su re  waves i n  the  tube  

This  decrease i n  Ps 

As before ,  t h i s  lowers t h e  
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is  determined by t h e  number of t i m e s  p e r  second t h e  i n l e t  

p ressure  i s  repea ted ly  exposed t o  t h e  tube pressure .  

A s  would be expected, t h e  p re s su re  ra t io  across t h e  

wave inc reases  as t h e  ra t io  of t h e  tube  p res su re  t o  t h e  

i n l e t  p re s su re ,  Pti, decreases  (see Figs.  3-3 and 3 - 4 ) .  

For t h e s e  f i g u r e s  t h e  tube length  i s  f i x e d  (LOO i n .  a t  

479 Hz and 9 8 . 5  i n .  a t  694  H z ) .  Comparison of Figs .  3-3 

and 3-4 shows t h a t ,  f o r  a given Pti, t h e  smaller nozzle 

r e s u l t s  i n  a l o w e r  value of Pr. I t  can a l s o  be seen from 

these f i g u r e s  t h a t  an inc rease  i n  t h e  frequency decreases 

- as w a s  p rev ious ly  explained. 'r 
Lower  Pti va lues  than shown can be obta ined  by 

inc reas ing  t h e  average i n l e t  p re s su re  or decreasing the  

average tube pressure .  Both of these adjustments r equ i r e  

t h a t  t h e  tes t  p l a t e  gap be enlarged.  H o w e v e r ,  it was 

found t h a t  when tes t  p l a t e  gaps g r e a t e r  than 0.075 i n .  

w e r e  used, Pr began t o  decrease  with decreas ing  Pti. 

decrease i s  caused by a s i g n i f i c a n t  p o r t i o n  of t h e  p re s su re  

This  

wave being r e f l e c t e d  f r o m  t h e  t es t  p l a t e  and t r ansmi t t ed  

t o  t h e  o u t s i d e  atmosphere through t h i s  gap. T h i s  w a s  

evidenced by an inc rease  i n  t h e  noise  level i n  t h e  test  cell  

when l a r g e  p l a t e  gaps w e r e  used. All t h e  data presented 

here  w e r e  ob ta ined  a t  test  p l a t e  gaps of less than 0.050 i n .  

I n  order t o  o b t a i n  a shock-fronted p res su re  wave a t  

t h e  t es t  p l a t e  s i m i l a r  t o  t h a t  shown i n  Fig.  3-1, it is 

necessary t h a t  t h e  tube l eng th  be ad jus t ed  t o  a resonant  

length .  The tube resonates  as i f  it w e r e  c losed  a t  both 
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ends,  and t h e  resonant  l eng ths  can be c a l c u l a t e d  from t h e  

simple organ p ipe  formula: 

where 

Lr = resonant  length  

a = speed of sound 

f = frequency. 

For a tube c losed  a t  both ends t h e  resonant  l eng ths  are 

i n t e g r a l  m u l t i p l e s  of the  h a l f  wave l eng th .  At t h e  s h o r t  

tube l eng ths  ( l ~ w a v e  l eng ths  or less) the  l eng th  of t h e  

tube  had t o  be ad jus t ed  t o  wi th in  0 . 1  i n .  o r  resonance 

would n o t  occur.  These l eng ths  could no t  be accura t e ly  

ca l cu la t ed ,  although they  w e r e  always found t o  be wi th in  

0 .5  i n .  of those c a l c u l a t e d  by Eq. 3-1. With t h e  tube i n  

a non-resonant cond i t ion ,  the  p re s su re  wave measured a t  t h e  

p l a t e  would e x h i b i t  a s t e p  i n  t h e  shock-front as shown 

i n  Fig. 3-5. A t  t h e  longer  tube l eng ths ,  t h e  adjustment 

of t h e  tube length  w a s  no t  as c r i t i ca l  (wi th in  0.5 i n . )  

and could always be c a l c u l a t e d  by Eq. 3-1. 

1 

A s  t h e  resonant  tube length  i s  decreased,  with a l l  of 

t h e  o t h e r  ope ra t ing  v a r i a b l e s  f ixed ,  t h e  amplitude of 

t h e  p re s su re  wave i s  increased.  The amplitude and shape 

of t h e  p re s su re  wave a t  any po in t  i n  t h e  tube  i s  a sum of 

t h e  p re s su re  waves which w e r e  generated a t  t h e  s i r e n  and 

a l l  of t h e i r  subsequent r e f l e c t i o n s  from t h e  tube ends. 

Because of t h e  reduced f r i c t i o n a l  a t t e n u a t i o n  a t  t h e  
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s h o r t e r  tube  lengths ,  t h e  amplitude of t h e  p re s su re  wave i s  

increased.  There w e r e  no means provided f o r  maintaining 

t h e  shape of t h e  p re s su re  wave cons t an t  from one run t o  

another .  Consequently, t h e  pressure  wave shape varied 

s l i g h t l y  from one run t o  another.  Although the major i ty  

of runs had p res su re  shapes similar t o  t h a t  shown i n  

Fig. 3-6a, t h e  runs made a t  l eng ths  of t w o  wavelengths o r  

less e x h i b i t e d  t h e  shape shown i n  Fig. 3-6b. The r a t i o  of 

Pr d iv ided  by the  Pr ob ta ined  a t  a tube  length  of 100 i n .  

i s  p l o t t e d  i n  Figs. 3-7,  3 -8 ,  and 3-9.  These f i g u r e s  s h o w  

t h a t  a 50 percent  i n c r e a s e  i n  Pr can be obtained by reducing 

t h e  tube length.  A s  before ,  t h e  e f f e c t s  of t h e  i n l e t  nozzle  

area, frequency, and t h e  r a t i o  of t h e  average tube  p res su re  

t o  t h e  average i n l e t  p re s su re  are apparent .  

3-2 PRESSURE WAVE SHAPE AT DIFFERENT TUBE LOCATIONS 

A series of tests w a s  undertaken t o  determine t h e  

shape of t h e  pressure  wave with t i m e  a t  var ious  l o c a t i o n s  

along the  length  of t h e  tube  when the  t o t a l  tube length  i s  

f ixed  a t  a resonant  length .  T h e  r e s u l t s  of t h e s e  tests are 

shown i n  F igs .  3-10 and 3-11. I n  Fig.  3-10, a s  one moves 

away from t h e  test  p l a t e  a t  x = 0 (a p res su re  an t inode ) ,  

a s t e p  appears i n  t h e  pzessure rise of t h e  wave as is  

poin ted  o u t  i n  t h e  f i g u r e .  The width of  t h e  s t e p ,  as 

def ined  i n  F i g .  3-10, grows with d i s t a n c e ,  u n t i l  a t  the 

pressure  node, t h e  amplitude of t h e  p re s su re  wave has  been 
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reduced by approximately one-half .  A t  t h i s  p o i n t ,  t h e  s t e p  

width has increased  u n t i l  t h e  p re s su re  wave now e x h i b i t s  

a frequency double t h a t  a t  t h e  ant inode.  A s  one cont inues 

down the  tube ,  t h e  s t e p  width g radua l ly  recedes  and f i n a l l y  

d isappears  a t  t h e  next  ant inode a t  x = 1 4 . 2 i n .  A s i m i l a r  

s i t u a t i o n  occurs  a t  g r e a t e r  d i s t a n c e s  from t h e  test  p l a t e ,  

as shown i n  Fig.  3-11, a l though t h e  p re s su re  shapes a r e  n o t  

i d e n t i c a l  with those  i n  Fig.  3-10. A t  t h i s  d i s t a n c e ,  t h e  

p re s su re  t a p  l o c a t i o n s  w e r e  such t h a t  an e n t i r e  one-half 

wave length  could no t  be t r ave r sed .  However, from Fig.  3-10 

it would s e e m  t h a t  l o c a t i o n s  could be found where t h e r e  

would be no s t e p  i n  t h e  p re s su re  wave shape. 

3-3 ALTERNATE OPERATING GEOMETRY 

I n  an a l t e r n a t e  method of ope ra t ion ,  t h e  end of t h e  

tube can be completely c losed ,  and t h e  a i r  flow through t h e  

apparatus  maintained by b leeding  a i r  from t h e  tube a t  a 

p o i n t  f a r  upstream. The p re s su re  wave shape is t h e  s a m e  as  

t h a t  ob ta ined  i n  t h e  open end conf igu ra t ion ,  However, t h e  

resonant  length  w a s  found to  be approximately one pe rcen t  

l a r g e r  than t h a t  c a l c u l a t e d  from E q .  3-1. This  a l ternate  

geometry w a s  no t  used i n  t h i s  i n v e s t i g a t i o n  s i n c e  t h e  

apparatus  w a s  o r i g i n a l l y  designed for t h e  open end mode 

of opera t ion .  



4 3  3-4 AVERAGE GAS TEMPERATUm I N  THE TUBE 

The a c t i o n  of t h e  pressure  waves i n  t h e  tube  i n c r e a s e s  

t h e  s t agna t ion  temperature of t h e  tube  gas above t h a t  of 

t h e  gas i n  t h e  upstream reservoir. The behavior of t h e  

average gas and p l a t e  su r face  temperatures  i s  shown i n  

Fig.  3-12. I n i t i a l l y ,  t h e  tube  i s  at atmospheric condi t ions .  

With t h e  s i r e n  d i s k  r o t a t i n g ,  t h e  a i r  flow is  s t a r t e d  a t  

t i m e  zero.  As t h e  tube pressure  rises, t h e  average gas 

temperature increases sharp ly  as a r e s u l t  of t h e  f i l l i n g  

process .  Then t h e  average gas temperature r a p i d l y  decreases  

for t w o  reasons: (1) h e a t  i s  t r a n s f e r r e d  t o  t h e  tube  w a l l s  

and ( 2 )  the  a i r  t h a t  w a s  i n i t i a l l y  compressed dur ing  t h e  

f i l l i n g  process  is  exhausted t o  t h e  atmosphere through t h e  

p l a t e  gap. I n  t h e  absence of t h e  p re s su re  waves t h e  aver- 

age gas  temperature would decrease t o  t h e  o r i g i n a l  i n l e t  

temperature of 70°F. The reason t h a t  t h e  average gas  

temperature only  decreases  t o  a value T i s  n o t  w e l l  

understood. A poss ib l e  explana t ion  i s  t h a t  there is  a 

n e t  energy a d d i t i o n  pe r  cyc le  t o  t h e  gas, v i a  work, as a 

r e s u l t  of t h e  a c t i o n  of t h e  p re s su re  wave. For equi l ibr ium,  

t h i s  energy a d d i t i o n  p e r  cyc le  must be balanced by a n e t  

h e a t  t r a n s f e r  pe r  cyc le  t o  t h e  tube w a l l s ;  t h e r e f o r e ,  t h e  

average gas temperature must be greater than  t h e  temperature 

of t h e  tube w a l l s .  The average gas  temperature gradual ly  

inc reases  from T with t i m e  as t h e  p l a t e  and tube wa l l  

temperatures rise, As shown i n  F ig .  3-12, t h e  average 

(3 

4 



4 4  su r face  temperature of t h e  t es t  p l a t e  r a p i d l y  i n c r e a s e s  

u n t i l  a t  T = 40 sec, a s tea6y  gradual  i n c r e a s e  is  estab- 

l i shed .  The s t agna t ion  temperature of t h e  tube  gas w a s  

found t o  i n c r e a s e  15-20°F f r o m  t h e  upstream reservoir 

temperature a t  a frequency of 479 Hz. The s t agna t ion  

temperature increased  approximately 30°F a t  t h e  h igher  

frequency of 881 Hz as more pressure  work pe r  u n i t  t i m e  i s  

done on t h e  gas.  

3-5 FLOW VISUALIZATION 

T o  l e a r n  about t he  f l u i d  flow p a t t e r n  near  t h e  test  

p l a t e ,  t w o  flow v i s u a l i z a t i o n  methods w e r e  t r i e d ,  I n  t h e  

f irst  method smoke w a s  i n j e c t e d  i n t o  t h e  a i r  stream. The 

smoke, however, d i f f u s e d  i n t o  t h e  flow so r a p i d l y  t h a t  

s t r eaml ines  could n o t  be d i s t ingu i shed .  A s u r f a c e  o i l  

technique proved t o  ke more s a t i s f a c t o r y .  With t h i s  tech- 

nique a mixture of kerosene and lampblack w a s  p laced onto  

t h e  s u r f a c e  of t h e  tes t  s e c t i o n .  The a i r  f l o w  w a s  main- 

t a i n e d  u n t i l  a l l  of t h e  kerosene had been blown from t h e  

p l a t e  and only t h e  d r i e d  lampblack p a t t e r n  remained. 

Shutdown of t h e  a i r f l o w  d i d  no t  d i s t u r b  t h i s  p a t t e r n .  The 

p a t t e r n  w a s  photographed and p ro jec t ed  on to  a screen  a t  a 

magnif icat ion of 30. With t h i s  magnif icat ion a g r e a t  amount 

of d e t a i l  could be discerned. A t y p i c a l  flow p a t t e r n  

obta ined  i s  shown i n  Fig. 3-13. Near t h e  c e n t e r  po r t ion  

of t h e  p a t t e r n  no s t r e a k i n g  w a s  observed, i n d i c a t i n g  t h a t  
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t h e  shear stresses t h e r e  were small. D e f i n i t e  s t r e a k i n g  

could be observed on t h e  tes t  p l a t e  near  t h e  tube  I . D .  where 

t h e  air v e l o c i t y  i n c r e a s e s  as t h e  a i r  escapes t o  t h e  atmo- 

sphere.  Examination of t h e  slides d i d  n o t  d i s c l s s e  any 

non-radial  f low, Leading one t o  b e l i e v e  t h a t  t h e r e  w e r e  

no s t rong  secondary flows present .  Comparison of t h e  

experimental  d a t a  with t h e  t h e o r e t i c a l  model i n  Chapter 

S i x  showed t h a t  t h e  a i r  near  t h e  c e n t e r  of t he  p l a t e  can 

be considered t o  have only  a v e l o c i t y  component normal 

t o  t h e  p l a t e  - as w a s  i n d i c a t e d  by t h i s  v i s u a l i z a t i o n  s tudy.  
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Fig. 3-5 Pressure Wave at the Test Plate - 
Non-resonant Condition 

TIME 

(a) Long Tube Length 

TIME 

(b) Shor t  Tube Length 

Fig. 3-6 Pressure Wave Shape at the Plate for  
Long and Short Tube Lengths 
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CHAPTER FOUR 

DATA REDUCTION 

The experimental data consisted of instantaneous gas 

pressure and surface temperature measurements, which were 

displayed on an oscilloscope and photographically recorded. 

The data were then hand scaled from the photographs and 

instantaneous heat transfer rates numerically computed from 

the surface temperature measurements. The details of the 

data reduction process will now be discussed. 

4-1 PRESSURE DATA 

A s  was shown in Fig. 2-9, the fluctuations of the gas 

pressure were measured 0.5 in. upstream of the test plate. 

As was pointed out in Sec. 3-2, the pressure wave at that 

point exhibits a step in the pressure front which is not 

present in the wave front at the test plate. Simultaneous 

measurements of the pressure wave at the two locations are 

shown in Fig. 4-1. 

The high frequency (130,000 Hz) noise which appears on 

the pressure signal results from the shock wave exciting the 

natural frequency of the pressure transducer. The lower 

frequency component of the noise results from vibration of 

the test plate holder in which the transducer was mounted. 
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Comparison of the two pressure waves in Fig. 4-1 shows that 

the shape of the pressure wave at the test plate can be 

obtained by extrapolation from the pressure measurement made 

0.5 in. upstream. This extrapolation of the pressure data 

is shown in Fig. 4-2 by the dotted line. The absolute value 

of the pressure at any instant of time was then scaled from 

the photograph within three percent accuracy. 

The rise time of the shock front was measured to be 

three microseconds - which is the rise time of the Kistler 
601L pressure transducer used. Therefore, it is known that 

the rise time of the pressure wave is 2 3 microseconds, 

allowing it to be treated as a discontinuity. 

4-2 SURFACE TEMPERATURE DATA 

The surface temperature oscillations measured were 

quite small, ranging from 0.5 to 2.0 OF. Thus, the resulting 

temperature signals were also small, ranging from 0.1 to 

0.4 mv, which made it necessary to amplify the signal one 

thousand times before it was displayed on the oscilloscope. 

A sample oscilloscope trace is shown in Fig. 4-3. In order 

to maintain an acceptable signal-to-noise ratio an Astrodata 
E Model 885 wideband differential DC amplifier was used. 

'Specifications: 
Frequency response: Flat 2 0.5% DC to 1 kHz, down to 3 db 
at 10 kHz 
Settling time: < 300 Msec to within & ,058 of final value 
Noise: < 2 pv rms referred to the input and 250 pv referred 
to the output 
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Although the noise level of the amplifier was good, its fre- 

quency response was not great enough to follow the rapid 

rise of the surface temperature as caused by the arrival 

of the shock wave. 

In an attempt to measure the rise time of the temper- 
1 ature signal, a Kintel Model 112A DC amplifier was used. 

Although the shape of the temperature oscillation could not 

be discerned because of the high noise level of this ampli- 

fier, a rise time of approximately 10 microseconds could be 

measured. This was the rise time of the Kintel amplifier 

as well as the rise time of the platinum thin film. There- 

fore, the rise time of the temperature signal could only be 

determined to be 5 10 microseconds. As was done with the 

pressure signal, the surface temperature rise was treated 

as a discontinuity. The surface temperature signal was 

extrapolated as shown in Fig. 4-3 .  The overshoot in the 

surface temperature rise seen in Fig. 4-3 is a characteristic 

of the Astrodata amplifier and is not part of the temperature 

signal. The accuracy of the temperature measurements is 

estimated to be within five percent. 

Due to the compression and expansion of the gas, the 

gas temperature fluctuates above and below the average plate 

temperature. Consequently, during a portion of the cycle, 

'Specifications : 
Frequency response: f 0.5% to 2 kHz, 3% to 1 0  kHz, < 3  db 
down at 40 kHz 
Rise time: <10 psec to within 1%, 20 psec to 0.1% of final 
value 
Noise: 0-750 Hz, < 5  pv rms; 0-50 kHz, <12 gv rms 
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heat is transferred to the plate, while during the remainder 

of the cycle, heat is transferred from the plate to the gas. 

During a test run, a net amount of heat was transferred to 

the plate - as was explained in Sec. 3-4. 
The heat flux variation with time can be separated into 

two portions, as illustrated in Fig. 4-4: (1) a fluctuating 

portion where the net heat transfer per cycle is zero and 

( 2 )  a positive, non-fluctuating portion. This separation 

into two portions is permissible because the differential 

equation governing the temperature distribution in the test 

plate is linear, There was only a small net heat transfer 

per cycle to the surface since the insulating properties 

of Pyrex caused its average temperature to approach the 

average gas temperature. The non-fluctuating portion of the 

heat flux was obtained by measuring the average surface. 

temperature and subtracting from this the temperature of 

the Pyrex measured 0.062 in. from the surface. The non- 

fluctuating portion of the heat flux was then calculated 

from this temperature difference since the temperature pro- 

file in the Pyrex was linear. This temperature difference 

was only 2-3OF and therefore could not be accurately obtained 

from subtraction of the two separately measured temperatures. 

However, the above measurements did show that the magnitude 

of the non-fluctuating heat flux component ranged from 0.15- 

0.40 BTU/ft -sec,  which was small compared to the fluctuating 2 

component. 
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The present investigation is limited to determining 

only the fluctuating portion of the heat flux since the 

non-fluctuating portion was small and could not accurately 

be determined with the present instrumentation. The method 

of calculation of the instantaneous heat transfer rates 

from the surface temperature measurements is described in 

the following section. 

4-3 HEAT FLUX CALCULATIONS 

In order to calculate the heat flux at the surface of 

the test plate from the measured surface temperature 

fluctuation, it is necessary to determine the time dependent 

temperature distribution in the Pyrex. The temperature 

gradient at the surface is then used to calculate the heat 

flux there. Since the temperature oscillations do not 

penetrate beyond 0.005 in. from the surface, the temperature 

distribution can be obtained by solving the heat conduction 

problem outlined in Fig. 4-5, where the thickness of the 

slab, R ,  is greater than the thermal penetration depth. 

The experimentally measured surface temperature oscillation 

is applied to one side of the slab while the other side is 

held constant at the average temperature, ?, of that oscil- 

lation. From the periodic solution obtained, the instan- 

taneous heat flux at the surface can be calculated. The 

partial differential equation describing the above one- 

dimensional, unsteady heat conduction problem is 



1 aT a 2T 

a a t  ax 
- -  = - 

2 

The boundary condi t ions  f o r  t h i s  problem are 

T ( 0 , t )  = f ( t )  

with t h e  i n i t i a l  condi t ion  

- 
T ( x , O )  = T. 

6 2  

(4-1)  

(4 -3 )  

T h i s  problem w a s  numerically solved by t h e  Crank- 

Nicolson i m p l i c i t  method. I n  t h i s  method, Eq. 4-1  i s  

approximated by 

where 

s u b s c r i p t  (i) is  t h e  d i s t ance  index and 

s u b s c r i p t  (j) i s  t h e  t i m e  index. 

For N increments i n  x Eq. 4-4 y i e l d s  N equat ions a t  each t i m e  

increment - with N unknowns, a5 i s  r e a d i l y  seen by rearrang- 

i n g  Eq. 4-4. 
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L_---.- -2 
The above temperatures are to be 
determined at the future time (j+l) 

(4-5) 

r Ti-l,j + (2-2r)Ti,j + r Ti+l,j 

I- _1 
The above temperatures are known 
at the present time (j) 

where 
aAt 
(Ax) 

r =  i = 1'2, ..., N 
j = 1,2, ..., M 

For each time increment the set of N equations was solved 

by the Gauss elimination method, which results in the 

Thomas algorithm (Bruce). The heat flux was determined by 

'w, j+l = k  j = 1,2, ..., M (4-6) 

In all of the calculations the thickness of the slab 

was taken to be 0.0115 in., which was approximately twice 

the penetration depth. Near the surface at x=O, where the 

temperature gradients are largest, the slab was divided into 

0.05 x in. increments. At a depth of 0.0015 in., 

where the temperature gradients are small, the increment 

size was changed to 0.5 x LOw3 in. 

Initially, the temperature of the slab was set equal 
- 

to the average surface temperature, T. The surface temper- 
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ature at x=O was then cycled until a steady periodic temper- 

ature variation was established in the slab. 

In order to avoid instability in the solution, it was 

necessary to divide each cycle into 400 time increments, 

yielding a value of r equal to 2.24. This division resulted 

in a time increment of 5.2 microseconds at a frequency of 

479 Hz. An estimation of the accuracy of the numerical 

solution was obtained by progressively decreasing the x 

increment size and extrapolating to an increment size of 

zero. For the increment sizes that were used for all of 

the data reduction, the heat flux was found to be calculated 

within an accuracy of one percent. 

The thermal diffusivity and the thermal conductivity 

for No. 7740 Pyrex is needed for E q s .  4-5 and 4-6, G.T, 

Skinner, at the Cornel1 Aeronautical Laboratory, and others 

have developed a technique for experimentally determining 

the quantity (kpc) 'I2. Skinner found that 

(kpc)'l2 = 0.0743 f 5% BTU/ft2-OF-sec (4-7) 

2 The value of the thermal diffusivity, a = 0.00107 in. /sec, 

was taken from the Corning Glass Works Property Data Sheet 

on No. 7740 Pyrex, Using the above two values, the thermal 

conductivity, k, can be calculated 

k = a 'I2 (kpc)1'2 = 0.729 BTU/hr-ft-*F 
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The cyclic heat flux variation calculated in the above 

manner for Run 220 is shown for one cycle in Fig. 4-6. 

The normalized time against which the heat flux, qw, is 

plotted is obtained by dividing the actual time in the 

cycle by the period of that cycle. The shock arrives at 

the wall at time zero, after which the compressed gas 

transfers heat to the wall. As expansion of the gas takes 

place the heat flux decreases, passes through zero, and 

becomes negative for the remainder of the cycle. As was 

previously discussed in Sec. 4-2,  only the fluctuating 

portion of the heat flux is being considered, and therefore, 

the net heat transferred per cycle is zero. 

The two quantities -rC and Q are used to characterize POS 
the unsteady heat flux variation. 

denotes the fraction of the cycle during which heat is 

transferred from the gas to the wall. During this part of 

the cycle, the heat flux, qw, is taken to be positive. 

The normalized time, T ~ ,  

The amount of energy transferred to the wall during the T~ 

fraction of the cycle is denoted as Q and can be calcu- 

lated from: 

Qpos 
where 0 

(4 -8 )  

f = frequency 

= heat flux at the wall “IW 

T = normalized time. 
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Although t h e  heat f l u x  rates are l a r g e  i n  Fig. 4-6, Qpos 

is  only 1.93 x l o w 3  BTU/ft2. The reason  f o r  t h e  s m a l l  

va lue  of Q i s  t h a t ,  a t  t h e  f requencies  used i n  t h i s  

i n v e s t i g a t i o n ,  t h e  t i m e  a v a i l a b l e  for h e a t  t r a n s f e r  i s  

s m a l l .  I t  w a s  found t h a t  t y p i c a l l y  t h e  h e a t  w a s  t r a n s f e r r e d  

t o  t h e  s u r f a c e  during t h e  f i r s t  t h i r d  of t h e  cyc le  and then  

re turned  t o  t h e  gas dur ing  t h e  remainder of the cyc le .  As 

would be expected, t h e  max imum h e a t  f l u x  occurs  immediately 

a f t e r  t h e  shock wave s t r i k e s  t h e  su r face .  The hea t  f l u x  

then  decreases  r a t h e r  sha rp ly  due t o  t h e  expansion of t h e  

gas. The su r face  temperature f l u c t u a t i o n  scaled from t h e  

d a t a  and used t o  c a l c u l a t e  t h e  above h e a t  f l u x  v a r i a t i o n  i s  

given i n  Fig. 4-7. The c a l c u l a t e d  temperature d i s t r i b u t i o n s  

i n  t h e  s lab a t  s e v e r a l  t i m e s  dur ing t h e  c y c l e  are p l o t t e d  

i n  Fig. 4-8. From t h i s  f i g u r e  it can be seen t h a t  t h e  

temperature f l u c t u a t i o n s  are damped o u t  w i th in  0.005 i n .  

of t h e  sur face .  

POS 

The c a l c u l a t i o n s  w e r e  performed on a CDC 1604 computer, 

w i t h  a r e s u l t i n g  computation t i m e  of t h i r t y  seconds pe r  

cyc le .  I t  w a s  necessary t o  cyc le  t h e  program t e n  t i m e s  

before  a s teady  p e r i o d i c  s o l u t i o n  w a s  obtained. Each run 

requi red  about f i v e  minutes of computer t i m e .  
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-7\ EXTRAPOLATED 

ATMOSPHERIC 
PRESSURE 

Fig. 4-2 Experimental Pressure Data with Extrapolation 
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SWEEP = 0 . 5  ms/cm 

Fig. 4-3 Experimental Surface Temperature Oscillation 
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.- 

TEST PLATE 

T = f (t) 

T - --p+$L&--+ 

x= 0 x=R 

- - - 
I 

- 
-T = T 

Fig .  4-5 Heat Conduction Problem in the Test Plate 
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Fig. 4-6 H e a t  Flux V a r i a t i o n  for Run 220 
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CHAPTER FIVE 

THE0RITC"I'CAL MODEL 

A t h e o r e t i c a l  model w a s  developed to  p r e d i c t  t h e  

c y c l i c  v a r i a t i o n  of t h e  heat f l u x  a t  t h e  test p l a t e  which 

forms t h e  end-wall of t h e  tube.  The h e a t  f l u x  v a r i a t i o n  

w i t h  t i m e  i s  c a l c u l a t e d  so t h a t  t h e r e  is no n e t  heat 

t r a n s f e r  pe r  cycle .  The s o l u t i o n  of t h e  governing d i f f e r -  

e n t i a l  equat ions w a s  numerically obtained by use  of a f i n i t e  

d i f f e r e n c e  p red ic to r - co r rec to r  method. The assumptions used 

i n  t h e  a n a l y s i s  are s i m i l a r  t o  those  made by B.T, Chao f o r  

heat t r a n s f e r  a t  t h e  end of r a r e f a c t i o n  wave tubes .  

5-1 ANALYSIS 

As previously discussed,  t h e  tes t  p l a t e  i s  loca ted  

normal t o  t h e  tube o u t l e t  (see Fig.  5-1). The pressure  

a t  t h e  p l a t e  f l u c t u a t e s  a t  a frequency i n  t h e  range of 

479-881 Hz causing t h e  gas next  t o  t h e  p l a t e  t o  a l t e r n a t e l y  

experience a compression and expansion. A i r  is b led  f r o m  

t h e  tube a t  i ts  per iphery  by maintaining a s m a l l  gap 

between t h e  t e s t  p l a t e  and t h e  end of t h e  tube,  It i s  

i n t u i t i v e  t h a t ,  f o r  s m a l l  p l a t e  gaps,  t h e  presence of t h e  

a i r  bleed does n o t  s i g n i f i c a n t l y  a l ter  t h e  f l u i d  flow 

near  k = 0 from what it would be i f  t h e  end w e r e  closed, 



75 Therefore, the flow near t~ = 0 is assumed to be one- 

dimensional. Moreover, it will be shown in Chapter Six 

that for the plate gaps used in this investigation, the 

unsteady portion of the heat flux can be predicted by a one- 

dimensional mathematical model of the system. The ratio 

of the tube radius to the gap thickness varied from 12 to 

50 in this investigation. 

For an ideal gas, with negligible dissipation, the 

one-dimensional, unsteady energy equation for laminar flow 

is : 

(5-1) 3T aT ap + u - + - ( k - )  aP a 3T cp(---+u-) = - 
at ax at ax ax ax 

where x is the distance measured from the surface of the 

test plate. Since the equations are applied to a thin 

thermal boundary layer next to the test plate - where the 
turbulent velocity fluctuations should be small, laminar 

equations can be used. 

For a thin boundary layer the pressure can be assumed 

to be independent of x. In addition, the specific heat, 

c and the thermal conductivity, k, are assumed constant. 

With the above assumptions, Eq, 5-1 becomes 
P' 

c p ( E + u - )  aT = - + k -  dP a2T 
2 P at ax dt ax 

The process outside the thermal boundary layer is considered 

to be isentropic so that the temperature there can be 

expressed as 



76 

(5-3) 

where Po and To are t h e  minimum gas p res su re  and gas temper- 

a ture  for t h e  cyc le ,  The s u b s c r i p t  00 has been dropped. from 

P i n  Eq.  5-3 s i n c e  t h e  pressure  i s  considered t o  be inde- 

pendent of x. Once t h e  pressure  v a r i a t i o n  w i t h  t i m e  is  

prescr ibed ,  t h e  gas temperature v a r i a t i o n  wi th  t i m e  o u t s i d e  

t h e  thermal boundary l a y e r  is  determined by Eq. 5-3. Because 

the  su r face  temperature measured a t  t h e  test p l a t e  never 

f l u c t u a t e d  more than  2’F and t h e  gas temperature f l u c t u a t i o n  

is on t h e  o rde r  of 100°F, t h e  su r face  temperature,  Tw, can 

s a f e l y  be considered cons t an t  i n  t h i s  a n a l y s i s .  The boundary 

condi t ions  can then  be summarized as 

y-l 
(5 -4 )  T ( O , t )  = Tw, T(m,t) = Tm = To(P /Po)  Y 

Because t h e  p re s su re  v a r i a t i o n  is  c y c l i c  and t h e  s teady  

p e r i o d i c  s o l u t i o n  i s  d e s i r e d ,  t h e  i n i t i a l  condi t ion  can be 

replaced by 

where t i s  the  per iod  of t h e  cyc le ,  
P 

An expression for  t h e  v e l o c i t y ,  u ,  i n  Eq. 5-2 i s  

obta ined  f r o m  t h e  one-dimensional c o n t i n u i t y  equat ion,  

2f?+i?.LwL= 0 
a t  ax 
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An approximate expression for u can be obtained from Eq. 5-6 

by assuming that the density, p, is independent of x and 

equal to the gas density at the outer edge of the boundary 

layer, p w 5  The validity of this assumption is discussed in 

Sec. 6-6. Therefore, for  the continuity equation only, the 

density in Eq. 5-6 may be replaced by the isentropic 

relationship 

Using the boundary condition that u = 0 at x = 0, Eq. 5-6 

(with Eq. 5-71 may be integrated to yield the following 

velocity distribution: 

Since the coefficient of x is a function of time alone, 

Eq. 5-8 describes, at any given time, a linear velocity 

profile in x. For an ideal gas, 

P = P/(RT) (5-9) 

(5-10) 

Substitution of Eqs. 5-8, 5-9, and 5-10 into Eq. 5-2 and 

rearrangement gives 
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where f is the frequency of the pressure oscillation and 6 

is a distance, at this point not yet defined, that is a 

function of time. At any given time, the dimensionless 

variable, y, is the ratio of the gas temperature in the 

boundary layer, T(x,t), to the gas temperature outside the 

boundary layer, Tm = T(w,t) Therefore, y is the ratio of 

the gas temperature to the gas temperature that would be 

obtained isentropically. 

Introducing the new variables into Eq. 5-11 and 

applying the chain rule' to the partial derivatives yields 

where and are first derivatives with respect to t. TO 

eliminate the second term on the left-hand side of Eq. 5-13, 

'The chain rule gives 
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An expression for 6 can be obtained by integrating Eq, 5-14 

and letting 6 = 6o when P = Po 

(5-15 1 

The right-hand side of Eq. 5-13 can be simplified by noting 

that for an ideal gas 

p0 = P ~ / ( R T ~ )  (5-16) 

and that the thermal diffusivity (a,) is defined as 

When Eqs. 5-14, 5-15, 5-16, and 5-17 are substituted into 

Eq. 5-13, the following form results 

(5-18) 

Equation 5-18 can be further simplified by defining 6 o  such 

that 

(5-19) 

W i t h  the above definition fo r  60, Eq. 5-15 can be written as 

(5-20) 



and Eq. 5-18 becomes 

In terms of the dimensionless variables, the boundary 

conditions, Eq.  5-4, become 

The periodicity condition, E q .  5-5, becomes 

In addition, the heat flux at the wall is given by 

ax qw = -k "/ x=o 
and can be written in terms of the new variables as 

9, = -Tof1/2(kpocp)1/2 ( fo) 
z=o 

(5-22) 

(5-23) 

(5-24) 

(5-25) 
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Equation 5-21 with t h e  boundary condi t ions  given by 

Eq. 5-22 and t h e  p e r i o d i c i t y  condi t ion  given by Eq, 5-23 

can be solved numerically by r ep lac ing  t h e  y ( a , ~ )  = 1 

boundary condi t ion  by y(z,,.r) = 1 where Z, i s  taken l a r g e  

enough t o  be o u t s i d e  t h e  thermal boundary l aye r .  The 

v a r i a t i o n  of t h e  pressure  with t i m e ,  P ( . r ) ,  i n  t h e  boundary 

condi t ion  a t  z = 0 can be assumed or provided from exper i -  

mental data .  

Douglas and Jones modified t h e  Crank-Nicolson procedure 

t o  o b t a i n  a p red ic to r - co r rec to r  method app l i cab le  t o  such 

nonl inear  pa rabo l i c  d i f f e r e n t i a l  equat ions.  Thei r  method 

of c a l c u l a t i o n  was used t o  s o l v e  Eq. 5-21. The p r e d i c t o r  

equat ion i s  given by 

wi th  s u b s c r i p t  (i) t h e  z index B =  2 ( A z ) ~  ( 
AT and s u b s c r i p t  (j) t h e  T index. 

j + l  

The c o r r e c t o r  equat ion i s  given by 

B = BC (5-27) Y i - 1 ,  j + 2  - ( 2  + )yi.,j+2+ Y i + l r j + 2  
Y i ,  j + l  

where 

The equat ions given by Eq. 5-26 f o r  a f i x e d  value of j and 
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v a r i a b l e  i form a t r i d i a g o n a l  matrix t h a t  can be solved by 

t h e  Gauss e l imina t ion  method, which r e s u l t s  i n  t h e  Thomas 

algori thm (Bruce).  The p red ic t ed  values of y are then 

co r rec t ed  by a p p l i c a t i o n  of Eq.  5-27,  which again r e s u l t s  

i n  a t r i d i a g o n a l  mat r ix  solved i n  t h e  s a m e  manner as w a s  

Eq .  5-26. The  yi va lues  are known a t  T = 0 .  These yi 

va lues  are then used t o  p r e d i c t  t h e  yi 
,j , j  

va lues  a t  
j + l  

T =   AT/^. The co r rec t ed  va lues ,  yi , j+2f can then  be calcu-  

, j+l' and yi l a t e d  a t  T = A T  u t i l i z i i i g  t h e  values of y 
i , j  

By repea ted  use of Eqs. 5-26 and 5-27 t h e  s o l u t i o n  fo r  y 

can be obta ined  a t  each of t h e  A T  increments. T h e  problem 

i s  cycled u n t i l  a s teady  p e r i o d i c  s o l u t i o n  i s  obtained.  

Douglas and Jones proved t h a t  i f  y i s  bounded through 

i t s  f o u r t h  d e r i v a t i v e ,  t h e  above p red ic to r - co r rec to r  method 

i s  uniformly convergent, w i t h  an e r r o r  t h a t  is  O(Az2 + A T  ) .  2 

However, i n  t h e  p re sen t  case, because of t h e  d i s c o n t i n u i t y  

i n  t h e  shock f r o n t ,  t h e  numerical s o l u t i o n  w a s  uns tab le  

un le s s  a f i n e  A T  increment was used. The thermal  boundary 

l a y e r  was d iv ided  i n t o  f i f t y  increments g iv ing  Az = 0.055. 

I n  order t o  o b t a i n  s t a b i l i t y  with t h i s  choice of Az, it 

w a s  necessary t o  use  A T  = 0.001 f o r  0 I T 5 0 .05 ,  and 

A T  5 0.003 f o r  0 .05  .s T I 1.0.  Using t h e  above increment 

s i z e s ,  no i n s t a b i l i t i e s  w e r e  encountered, The t i m e  incre-  

ments w e r e  taken such t h a t  t h e  p re s su re  w a s  increased 

f r o m  i t s  minimum value  a t  T = 0 t o  i t s  maximum value  a t  

T = 0.001. Based on t h i s  t i m e  increment, t he  rise t i m e  of 

t h e  p re s su re  wave i n  t h e  f i n i t e  d i f f e r e n c e  s o l u t i o n  w a s  
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2.1 microseconds at a frequency of 479 Hz, which is within 

the three microseconds rise time that was measured. For 

all of the calculations presented in Chapter Six, zR was 

taken to be equal to 2.75 which was found to always be 

large enough to be outside the thermal boundary layer. 

In the theoretical model there are no means provided 

by which a net amount of energy can be exchanged between 

the system and its surroundings. The outer boundary of the 

system is adiabatic since y approachs the value of one 

asymptotically and therefore az approaches zero. In the 
z=z 

continuity equation, to obtain an a8proximate expression for 

the velocity, u, the gas density was assumed independent of 

x and equal at any time to the density at the outer boundary 

of the system, where the gas is assumed to be undergoing an 

isentropic compression and expansion. As a consequence of 

this assumption, the motion of the outer boundary of the 

system is prescribed as if the entire gas within the system 

were undergoing an isentropic compression and expansion 

process. Since the compression and expansion process is 

along t h e  same path, the net pressure work at the outer 

boundary of the system is zero. Therefore, to be consistent 

with the theoretical model, which does not; allow f o r  any 

energy addition to the system at the outer boundary, To 

must be chosen so that the net amount of heat transferred 

at the wall per cycle is zero. 
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The assumption of a dens i ty  independent of x i n  t h e  

c o n t i n u i t y  equat ion e n t e r s  d i r e c t l y  i n t o  t h e  energy equat ion 

only through use of an approximate express ion  fo r  the velo- 

c i t y ,  u. I n d i r e c t l y ,  t h e  assumption e n t e r s  i n t o  t h e  energy 

equat ion by r e q u i r i n g  t h a t  TO be chosen so t h a t  there is  no 

n e t  heat t r a n s f e r  a t  t h e  wall. The l i m i t a t i o n  of the theo- 

retical  model t o  t h e  case of  a zero n e t  heat t r a n s f e r  a t  

t h e  w a l l  i s  more f u l l y  discussed i n  Sec. 6-6. 

A good estimate f o r  To can be obta ined  by choosing To 

such t h a t  t h e  time-averaged gas temperature o u t s i d e  t h e  

t h e r m a l  boundary l a y e r  i s  equal  t o  the  w a l l  temperature. 

The time-averaged gas temperature,  Too, o u t s i d e  t h e  boundary 

l a y e r  i s  given by 

- 

1 y-l - 
Too = To [ @/Po) d-c (5-28) 

S u b s t i t u t i n g  Too = Tw i n t o  Eq. 5-28, and so lv ing  f o r  To y i e l d s  

- TW 
To - (5-29)  

This  estimate f o r  To w a s  found t o  be wi th in  25OR of t h e  To 

va lue  necessary € o r  a zero n e t  h e a t  t r a n s f e r  pe r  cycle .  

The  computing t i m e  amounted t o  50 seconds pe r  cyc le  

on a CDC 1604 computer. The i n i t i a l  condi t ion  y(z,O) = 1 

w a s  used t o  start  t h e  computer program. The program w a s  

cycled u n t i l  a s teady  pe r iod ic  s o l u t i o n  developed, which 

usua l ly  requi red  s i x  t o  e i g h t  cyc les .  
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The t h e o r e t i c a l  model is compared w i t h  t h e  experimental  

d a t a  i n  Chapter Six.  
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CHAPTER SIX 

COMPARISON OF THE THEORETICAL MODEL WITH 

EXPERIMENTAL DATA AND CONCLUSIONS 

I n  t h i s  chapter ,  t h e  r e s u l t s  of t h e  t h e o r e t i c a l  model 

a r e  compared with t h e  experimental  da t a .  The e f f e c t s  of  t h e  

average' tube p res su re ,  E ,  t h e  p re s su re  r a t io  across  t h e  wave, 

P and t h e  frequency of t h e  wave, f ,  on t h e  h e a t  f l u x  a t  t h e  .r' 
end-wall are discussed.  The v a l i d i t y  of t h e  assumptions made 

i n  t h e  t h e o r e t i c a l  model are then  d iscussed  and t h e  chapter  

ends w i t h  a summary of t h e  conclusions.  

6-1 TYPICAL SET OF EXPERIMENTAL DATA 

The experimental  h e a t  f l u x  v a r i a t i o n s  w i t h  t i m e  a r e  

shown i n  Fig.  6-1 f o r  a t y p i c a l  set  of t h r e e  d a t a  runs a t  

d i f f e r e n t  va lues  of Pr. For t h e s e  d a t a  runs t h e  average 

tube pressure ,  frequency, and m a s s  flow rate  w e r e  f i xed .  

The heat € lux  v a r i a t i o n s  shown i n  F i g .  6-1 w e r e  c a l c u l a t e d  

f r o m  t h e  experimental ly  measured s u r f a c e  temperature f l u c -  

t u a t i o n s  given i n  Fig.  6-2. The magnitude of t h e  heat f l u x  

inc reases  with an i n c r e a s e  i n  Pr,  r e s u l t i n g  i n  an i n c r e a s e  

i n  t h e  amplitude of t h e  s u r f a c e  temperature f l u c t u a t i o n s .  

The corresponding measured gas p res su re  o s c i l l a t i o n s  are 

shown i n  F ig .  6-3. The shapes of t h e  gas  pressure  and t h e  

'In t h i s  d i scuss ion  a l l  averages r e f e r  t o  time-averages. 
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su r face  temperature o s c i l l a t i o n s  are compared i n  Fig.  6-4. 

A s  w a s  p rev ious ly  mentioned i n  Sec. 3-2, the  shape of t h e  

p re s su re  wave v a r i e d  from one run t o  another .  However, t h e  

shapes of t h e  pressure  waves and t h e  s u r f a c e  temperature 

f l u c t u a t i o n s  v a r i e d  wi th in  a narrow band, as i s  shown i n  

Fig.  6-4 .  T h i s  data set  i s  compared i n  F ig .  6-9 w i t h  t w o  

o t h e r  data sets, which w e r e  obtained a t  d i f f e r e n t  average 

tube pressures .  

6-2 PREDICTED HEAT FLUX VARIATION WITH TIME 

I n  Fig.  6-5 t h e  p red ic t ed  hea t  f l u x  v a r i a t i o n  w i t h  t i m e  

i s  compared with t h a t  experimental ly  obtained €or Run 213. 

I t  can be seen t h a t  t h e  t h e o r e t i c a l  model adequately pxe- 

d i c t s  t h e  hea t  f l u x  v a r i a t i o n .  The h e a t  f l u x  a t  t i m e  zero 

i s  i n f i n i t e  i f  t h e  p re s su re  wave is  considered t o  be d i s -  

continuous a t  t h a t  p o i n t  i n  t h e  cyc le .  However, t he  h e a t  

f l u x  p red ic t ed  f r o m  t h e  t h e o r e t i c a l  model a t  t h a t  t i m e  i n  

t h e  cyc le  w a s  f i n i t e  because a f i n i t e  d i f f e r e n c e  s o l u t i o n  

r e q u i r e s  t h a t  a f i n i t e  rise t i m e  be used. A s  previously 

d iscussed  i n  Sec. 5-2, t h e  rise t i m e  of t h e  p re s su re  wave 

used i n  t h e  f i n i t e  d i f f e r e n c e  s o l u t i o n  was q u i t e  s m a l l  - 
being 2 . 1  microseconds f o r  a frequency of 479 Hz. 

The normalized gas temperature p r o f i l e s ,  y vs z, com- 

puted f o r  Run 213  are shown i n  Fig.  6-6. Notice t h a t  t h e  

o s c i l l a t i o n s  i n  y are damped o u t  a t  t h e  o u t e r  boundary, 

z = 2.75; a t  which p o i n t  t h e  w a l l  no Longer has an inf luence  



on t h e  gas temperature.  The gas  temperature 

p l o t t e d  i n  dimensional coord ina tes  i n  

end of the cyc le  t h e  gas tempera 

a t  T = 0.99. The boundary l a y e r  i s  c 

as t h e  shock wave arrives. The p res su re  work i s  d i s t r i b u t e d  

throughout t h e  boundary l a y e r ,  causing t h e  e n t i r e  l e v e l  of  

t h e  gas temperature p r o f i l e  t o  rise. Since t h e  w a l l  temper- 

a t u r e  i s  f ixed ,  a maximum i n  the gas temperature p r o f i l e  

a t  T = 0 . 0 0 1  occurs  0 .3  x i n .  from t h e  w a l l .  

During t h e  per iod of t i m e  between T = 0.23 and T = 0 .44  

gas temperature p r o f i l e s  are encountered which have t h e  

shape shown i n  Fig. 6-8. The shape i s  such t h a t ,  al though 

t h e  gas  temperature a t  t h e  o u t e r  edge of t h e  boundary l a y e r  

i s  g r e a t e r  than t h e  w a l l  temperature,  h e a t  i s  t r a n s f e r r e d  

from t h e  wa l l  t o  the  gas .  I f  a t  t h i s  p o i n t  i n  t he  cyc le  a 

heat t r a n s f e r  c o e f f i c i e n t ,  h,  i s  c a l c u l a t e d  based on t h e  

usua l  d i f f e r e n c e  between t h e  gas temperature a t  t h e  o u t e r  

edge of t h e  boundary l a y e r ,  Tm, and t h e  w a l l  temperature,  

a negat ive va lue  of h i s  obtained.  I t  is immediately 
TW, 

apparent  t h a t  the d r i v i n g  f o r c e  f o r  h e a t  t r a n s f e r  i s  n o t  

represented  by Tm- Tw, bu t  r a t h e r  by Tw - Td, as shown i n  

Fig.  6 - 8 .  When t h e  ins tan taneous  h e a t  t r a n s f e r  c o e f f i c i e n t s  

are c a l c u l a t e d  throughout t h e  c y c l e  it is  found t h a t  h varies 

widely - a t t a i n i n g  p o s i t i v e ,  nega t ive ,  and i n f i n i t e  values  

a t  d i f f e r e n t  p o i n t s  during t h e  cycle .  Since i n  the p resen t  

f l u x  i s  obta ined  d i r e c t l y  from t h e  com- 

P le,  t h e r  no need t o  in t roduce  h; 
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t h e r e f o r e  only heat f l u x  rates are discussed.  

I n  Fig.  6-7 .there are s e v e r a l  observa t ions  t h a t  can 

be made. The m o s t  no t i ceab le  i s  t h a t  t h e  thermal boundary 

l a y e r  i s  t h i n  - being less than  0.007 i n .  f o r  t h i s  case. 

Notice t h a t  t h e  o u t e r  boundary of t h e  system, x = xR, is  a 

func t ion  of t i m e .  Since t h e  value of z is  f ixed  a t  t h e  

o u t e r  boundary, Eq. 5-20, along with t h e  d e f i n i t i o n  of z 

given i n  Eq.  5-12, y i e l d s  

which s p e c i f i e s  t h e  motion of t h e  o u t e r  boundary of the 

system. I t  can also be seen from Fig.  6-7 t h a t ,  although 

t h e  amplitude of t h e  gas temperature f l u c t u a t i o n  i s  s m a l l  

(50-7S°F), t h e  temperature g rad ien t s  a t  t h e  wa l l  a r e  l a r g e  - 
approximately 0 . 4  x l o 6  OF/in. a t  T =0.001. 

temperature g rad ien t  occurs  because t h e  temperature p r o f i l e  

e x h i b i t s  a maximum n e a r  t h e  wa l l  as w a s  previously discussed.  

This  l a r g e  

6 - 3  EFFECT OF AVERAGE TUBE PRESSURE 

I n  Fig.  6 - 9 ,  Qpos i s  p l o t t e d  a g a i n s t  Pr f o r  three 
- 

(see Fig.  4-5) i s  Qp0s d i f f e r e n t  average tube p res su res ,  P. 

t h e  amount of energy a l t e r n a t e l y  being exchanged between 

t h e  wa l l  and t h e  gas 

o r  s i n c e  t h e  n e t  heat t r a n s f e r r e d  pe r  cyc le  i s  zero 
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The v a r i a t i o n  of t h e  shape of t h e  p re s su re  wave from one 

run t o  another  n e c e s s i t a t e d  t h a t  an average p res su re  shape 

be used f o r  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  a t  each of the 

t h r e e  average tube p res su re  levels  presented i n  F ig ,  6-9. 

This  v a r i a t i o n  from run t o  run accounts f o r  s o m e  of t h e  

scatter i n  t h e  experimental  da t a .  The average pressure  

shape t h a t  was used a t  each of t h e  tube pressure  levels is  

shown by t h e  i n s e r t  i n  Fig. 6-9. As can be seen, the  

v a r i a t i o n  i n  t h e  average p res su re  shape was s m a l l .  

The instantaneous h e a t  f l u x ,  qw, and Q both inc rease  
POS 

as Pr and p i nc rease .  The i n c r e a s e  i n  h e a t  f l u x  is caused 

by t h e  inc rease  i n  t h e  rate a t  which pressure  work i s  done 

on t h e  gas.  I n  t h e  energy equat ion,  Eq, 5-2, t h e  pressure  

work i s  given by ( l /p)dP/dt .  Therefore ,  t h e  p re s su re  work 

is p ropor t iona l  t o  dP/dt. An i nc rease  i n  e i t h e r  Pr or  T) 

w i l l  i nc rease  t h e  value of dP/dt and u l t i m a t e l y  inc rease  

t h e  heat f l u x  because of t h e  l a r g e r  temperature g rad ien t s .  

The inc rease  i n  dP/dt is  apparent  from Fig.  6-10a, i n  which 

t h e  average pressure  of t h e  cyc le  i s  given by 

with AP being t h e  amplitude of t h e  o s c i l l a t i o n .  The cons tan t ,  

= CIAP + P o ,  

C1, is only dependent on t h e  shape of t h e  p re s su re  wave, 

and is t h e r e f o r e  f i x e d  when t h e  p re s su re  shape is  f ixed .  

When Pr i s  introduced i n t o  t h e  above equat ion ,  Po i s  e l i m -  

i n a t e d  and t h e  fol lowing expression r e s u l t s :  
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1 + c1) ( (Pr - 1) 

- 
Ap = 

9 2  

(6-3) 

Equation 6-3 shows t h a t  an inc rease  i n  Pr o r  P' i nc reases  AP 

which r e s u l t s  i n  an inc rease  i n  dP/dt, as w a s  shown i n  

Fig. 6-10a. 

The t h e o r e t i c a l  model agrees  wi th  t h e  experimental  data 

except a t  t h e  l o w e s t  average tube  p res su re  of 40 p s i a ,  where 

t h e  experimental  d a t a  l i e  above t h a t  p red ic t ed  from t h e  

model, This d i f f e r e n c e  i s  a t t r i b u t e d  t o  t h e  depar ture  of 

t h e  flow near t h e  c e n t e r  of t h e  t e s t  p l a t e  from one-dimen- 

s iona l  f l o w .  A v e l o c i t y  component p a r a l l e l  t o  t h e  w a l l  

would inc rease  t h e  hea t  f l u x  t o  t h e  w a l l .  I n  o rde r  t o  

lower t h e  average tube p res su re  t o  40  p s i a ,  it w a s  necessary 

t o  use a p l a t e  gap th ickness  of 0.035 i n .  For a gap as 

l a r g e  as t h i s ,  t h e  f l o w  nea r  t h e  c e n t e r  o f  t h e  test  p l a t e  i s  

a f f e c t e d  by t h e  exhausting a i r  and d e p a r t s  from one-dimen- 

s i o n a l  f l o w ,  

The dependence of t h e  h e a t  f l u x  on t h e  average tube  

p res su re  can be obta ined  from Eq. 5-25: 

which by s u b s t i t u t i o n  of po = Po/(RTo) becomes 

(5-25) 

I f  t h e  va lues  of c k, f ,  R, and To are he ld  cons t an t  i n  
P' 



Eq. 6-4 
9 3  

(6-5) 

NOW, if Y, Tw' Pr? and the shape of the pressure wave are 

also constant, it follows that 

P 2 Y  

2 
:I ] = [Po a,Iz=O1 

1 z=o 

When Pr and the pressure shape are constant, the P/Po dis- 

tribution with time is constant and if, in addition, Tw, 

To, and y are constant, the solution for y is fixed because 

the differential equation and the boundary conditions given 

by Eqs. 5-21  and 5-22 are fixed. Therefore, the solution 

for y is fixed and Eq. 6-6 is satisfied. Substitution of 

Eq. 6-6 into Eq. 6-5 gives 

H o w e v e r ,  when Pr and the shape of the pressure wave are 

constant the minimum pressure in the cycle is proportional 

to the average pressure of the cycle 

- 
p02 p2 

(6-8) 
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Theref ore 

which shows that the heat flux rate is proportional to the 

square root of the average tube pressure, 

shown that 

It can also be 

(6-10) 

Equation 6-10 is only approximately satisfied in Fig. 6-9 

because a slightly different pressure shape was used at 

each of the three tube pressures. The pressure shape used 

for each set of runs is the average pressure shape for that 

set. 

6-4 EFFECT OF FREQUENCY 

The effect of frequency on Q at an average tube 
POS 

pressure of 104 psia is shown in Fig. 6-11. In a manner 

completely analogous to that used in the previous section, 

Eq. 6-2 and Eq. 5-25 yield, for fixed Twr T o r  Po,  k, cp, 

y, Prr and pressure shape: 

(6-11) 
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An inc rease  i n  t h e  frequency i n c r e a s e s  t h e  va lue  of 

dP/dt as shown i n  Fig.  6-lob. As discussed  i n  Sec. 6 - 3 ,  

an i n c r e a s e  i n  dP/dt i n  Eq. 5-2 r e s u l t s  i n  an increased  

h e a t  f l u x .  However, because of the  decrease i n  t h e  t i m e  

a v a i l a b l e  f o r  t he  h e a t  t r a n s f e r  per  cyc le  a t  t he  h igher  

f requencies ,  t h e  va lue  of Q decreases  with inc reas ing  
POS 

frequency, as is  apparent  i n  Fig.  6-11. 

6-5 EFFECT OF MASS FLOW RATE 

I n  t h e  t h e o r e t i c a l  model it w a s  assumed t h a t  t h e  

f l u i d  flow n e a r  t h e  c e n t e r  of t h e  tes t  p l a t e  w a s  one- 

dimensional and t h e r e f o r e  independent of t h e  average m a s s  

flow rate  through t h e  tube.  The v a l i d i t y  of t h i s  assumption 

was v e r i f i e d  experimental ly  by t ak ing  a set of d a t a  runs a t  

t h r e e  d i f f e r e n t  m a s s  flow rates: 0.133,  0 . 2 7 6 ,  0.480 

lbm/sec - w h i l e  frequency and average tube  p res su re  w e r e  

maintained cons tan t .  

experimental ly  found t o  be independent of t h e  m a s s  flow rate. 

A s  shown i n  Fig. 6-12 ,  Qpos w a s  

6-6 DISCUSSION O F  THE ASSUMPTIONS I N  THE THEORETICAL MODEL 

For t h e  range of v a r i a b l e s  used i n  t h i s  i n v e s t i g a t i o n ,  

the  boundary l a y e r  th ickness  w a s  never g r e a t e r  than  0 .020  i n .  

T h i s  i s  s m a l l  compared t o  t h e  wavelength of t h e  p re s su re  

o s c i l l a t i o n  which i s  2.3 f t .  a t  479 €32. Therefore, t h e  assump- 

t i o n  of a t h i n  boundary l a y e r  t h a t  w a s  used throughout t h i s  

a n a l y s i s  is  j u s t i f i e d .  
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The thermal  conduct iv i ty  of t h e  gas w a s  taken t o  be 

cons t an t  i n  t h i s  a n a l y s i s  and w a s  eva lua ted  a t  t h e  w a l l  

temperature.  From t h e  r e s u l t i n g  s o l u t i o n  it w a s  found t h a t  

t h e  gas thermal conduct iv i ty  dev ia t ion  f r o m  t h a t  a t  t he  w a l l  

w a s  never g r e a t e r  than  25 percent .  The v a r i a t i o n  of t h e  

thermal conduct iv i ty  can be approximately accounted f o r  by 

use of a mean va lue  between t h e  thermal conduct iv i ty  a t  t h e  

w a l l  and t h e  thermal conduct iv i ty  a t  t h e  o u t e r  edge of t h e  

boundary l aye r .  U s e  of t h i s  mean va lue  of t h e  thermal con- 

d u c t i v i t y  changed t h e  p red ic t ed  hea t  f l u x  a t  t h e  w a l l  by 

less than two percent .  Therefore ,  t h e  use  of a cons t an t  

thermal conduct iv i ty  i s  a s u i t a b l e  approximation. 

In  t h e  c o n t i n u i t y  equat ion only,  t h e  gas d e n s i t y  w a s  

assumed t o  be independent o€ x and equal  t o  t h e  gas d e n s i t y  

a t  t h e  o u t e r  edge of t h e  boundary l a y e r .  This assumption 

y ie lded  an approximate expression for  t h e  gas v e l o c i t y ,  u,  

given by Eq. 5-8, which d e s c r i b e s  - a t  any given t i m e  - a 

l i n e a r  v e l o c i t y  p r o f i l e  i n  x. Once t h e  s o l u t i o n  of the 

energy equat ion has been obta ined  through use of the  u 

express ion  given by Eq. 5-8, t h a t  s o l u t i o n  can be used t o  

calculate a new u p r o f i l e  by i n t e g r a t i o n  of the  c o n t i n u i t y  

equat ion.  That i s  

u ( x , t )  2 - [ % d x  (6-12) 
p ( x , t )  a t  

The u p r o f i l e  c a l c u l a t e d  by Eq. 6-12 is  an approximate one 

s i n c e  the va lues  of p and a p / a t  used w e r e  obtained from an 
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approximate s o l u t i o n  of t h e  energy equat ion.  I n  t h i s  

manner, t he  u p r o f i l e  was obtained a t  several d i f f e r e n t  

t i m e s  i n  t h e  cyc le  and t h e  r e s u l t s  are shown i n  Figs. 6-13 

and 6-14. The so l id  l i n e s  a r e  t h e  v e l o c i t y  p r o f i l e s  given 

by Eq. 5-8 and t h e  dotted l i n e s  are the  v e l o c i t y  p r o f i l e s  

ob ta ined  f r o m  Eq. 6-12. From t h e  f i g u r e s  it can be seen 

t h a t  a t  ‘I: = 0.001 and 0.04 t h e  v e l o c i t y  p r o f i l e s  d i f f e r  

g r e a t l y  while  a t  T = 0.12, 0.35, and 0.75 the  agreement i s  

q u i t e  good. The d e n s i t y  v a r i a t i o n  wi th  x i s  greatest 

during the  c y c l e  a t  T = 0 .001  as i n d i c a t e d  by the  large 

d i f f e r e n c e  i n  the  u p r o f i l e s .  Since t h e  velocit ies are 

negat ive  everywhere i n  the  boundary l a y e r ,  mass i s  being 

added t o  t h e  boundary l aye r .  

From the  above d i scuss ion ,  it can be seen t h a t  for 

T < 0.05 t h e  assumption of a d e n s i t y  independent of x is  

a poor one while  a t  later t i m e s  t h e  assumption i s  a good 

one. The 

equat ion,  

importance of u i n  the s o l u t i o n  of t h e  energy 

Eq. 5-2 

aT a2T 
7 c p ( = + u - )  = 9 . k  

P a t  ax d t  ax 

depends on t h e  magnitude of t h e  u aT/ax t e r m  compared t o  

the magnitude of a T / a t .  When t h e  magnitudes of these t w o  

t e r m s  w e r e  ca l cu la t ed ,  it was found t h a t  there are only 

s m a l l  r eg ions  of t h e  boundary l a y e r  where u aT/ax and 

a T / a t  are of t h e  same orde r  of magnitude. Outside these 

regions,  a T / a t  is a t  least  an o rde r  of magnitude l a r g e r  
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than u aT/ax. The inaccuracy of the values used for u at 

small times (0 < T < 0.05) does not have a significant 

effect on the solution of the energy equation as is con- 

firmed by the fact that the model agrees reasonably well 

with the experimental data. 

When the pressure ratio across the wave is very large 

or the gas temperature level is much greater than the wall 

temperature, there are substantial variations in the gas 

density in the thermal boundary layer. A large density 

variation would cause an expansion wave to be formed and 

dP/dx would not necessarily be zero as assumed in the present 

theoretical model. To account for the dP/dx variation, 

the momentum equation would have to be included. 

For the case of a large net heat transfer at the wall, 

the continuity, momentum, and energy equations must be 

solved simultaneously. It has already been shown that 

when the continuity equation is solved separately from the 

energy equation to obtain an approximate expression for 

the velocity u, one is restricted to the case of a zero 

net heat transfer at the wall. In addition, when there 

is a net transfer of energy at the outer boundary of the 

system, the boundary condition there must be obtained 

by calculation of the upstream gas dynamic behavior. 

To further complicate the problem there may be some 

regimes in which the effects of turbulence are important. 
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These effects would be difficult to predict and one would 

probably have to resort to an empirical correlation. 
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6-7 SUMMARY OF CONCLUSIONS 

This investigation has shown that for periodic shock- 

fronted pressure waves the instantaneous heat flux rates 

from the gas can be quite large, even when the net heat 

transferred to the surface is zero. The maximum heat flux 

in the cycle occurs immediately after the shock-front 

strikes the surface. For a short time thereafter the heat 

flux is greater than 40,000 BTU/hr-ft . 2 

The rapid compression of the boundary layer by the 

arrival of the shock-front causes the temperature profile 

to have a maximum value within the thermal boundary layer 

a short distance from the wall. This temperature profile 

has a steep gradient at the wall of up to 2 x lo6 OF/in., 

which results in a large heat flux there. Sinusoidal pres- 

sure waves would not result in such large heat flux rates. 

The lower rate of compression of the boundary layer would 

allow more time for heat conduction to occur in the gas, 

which would result in a smoother temperature profile with 

the peak eliminated. The temperature gradient, and con- 

sequently the heat flux, at the wall would be smaller with 

these sinusoidal pressure waves than with the shock- 

fronted pressure waves 

more rapid. 

The instantaneous 

the square root of the 

time-averaged pressure 

where the compression of the gas is 

heat flux was found to increase as 

product of the frequency and the 

of the oscillation [(fP) 1 .  The 
- 1/2 
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heat flux also increased with an increase in the pressure 

ratio across the wave. These trends are explained by the 

increase in the rate at which pressure work is done on the 

gas in the boundary layer. 

The present investigation has shown that there can be 

a large variation in the instantaneous heat flux rate at 

the surface when the net heat transferred at the surface 

is zero. The same would also be true when there is a 

large net heat transfer at the surface. Because the 

variation in the heat flux is large, any heat transfer 

analysis performed in such an oscillatory pressure environ- 

ment should account for the instantaneous rates rather than 

accounting only for the time-averaged heat flux rates. It is 

apparent that additional investigations into the instantaneous 

heat flux rates would be helpful in understanding the heat 

transfer in oscillatory flows. 
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Fig. 6-8 Gas Temperature Profile Which Results in 
A Negative Heat Transfer Coefficient 
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CHAPTER SEVEN 

FQ3COMMENDATIONS FOR FUTURE INVESTIGATIONS 

As was discussed in Chapter Six, the theoretical model 

is only applicable to the case in which the net heat trans- 

ferred to the wall is zero. The minimum gas temperature, 

To, was chosen so that this condition was satisfied. However, 

in many cases of practical interest To is much larger than 

the wall temperature, causing a net amount of heat to be 

transferred to the wall. It is therefore recommended that 

a second generation investigation be performed with this 

apparatus wherein a substantial temperature difference is 

maintained between the wall temperature and the oscillating 

gas temperature. This would necessitate heating the air 

and developing a heat flux gauge which could accurately 

measure the absolute value of the heat flux oscillations. 

The heat flux gauge used in the present investigation could 

only accurately measure the fluctuating portion of the heat 

flux shown in Fig. 4-4. Since the governing differential 

equations for the gas are nonlinear, the problem cannot be 

divided into a fluctuating and a non-fluctuating portion, 

and each solved independently. Therefore, a modified 

theoretical model must be developed for the case where a 

net amount of heat is transferred at the wall as discussed 

in Sec. 6-6. 
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In the present experimental apparatus there are 

several other types of flow conditions where instantaneous 

heat flux measurements could be made. The present inves- 

tigation was undertaken at position A in Fig. 7-1, where 

the longitudinal pressure waves are normal to the surface - 
as are the fluid velocity fluctuations. The effects of 

velocity components parallel to the surface could be deter- 

mined at a position B, located near the air gap. It would 

be expected that the velocity component parallel to the 

wall would increase the heat flux above that obtained at 

position A where this velocity component is zero. 

As was previously mentioned, Harrje and others at 

Princeton have studied the mechanism by which heat is 

transferred to the tube wall in the presence of high 

frequency, steep-fronted pressure waves. Their investigations 

were concerned only  with the time-averaged heat flux rates. 

An investigation of the instantaneous heat flux rates at the 

tube wall, such as at position C in Fig. 7-1, would com- 

plement Princeton's study. 

The effect of pressure oscillations on instantaneous 

mass transfer rates is of great interest to those concerned 

with rocket combustion instability. In the present inves- 

tigation it has been shown that the arrival of the shock- 

front causes extreme temperature gradients at the wall - 
with the gas temperature profile reaching a maximum value 

at a point inside the thermal boundary layer, such as occurs 
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at T = 0.001 and 0 .04  i n  Fig.  6-7. A temperature p r o f i l e  

such as t h i s  would have a cons iderable  e f f e c t  on t h e  in s t an -  

taneous m a s s  t r a n s f e r ,  which would n o t  be predic ted  by a 

quasi-steady type ana lys i s .  

provide the  environment for t h e  ins tan taneous  m a s s  t r a n s f e r  

s t u d i e s  needed i n  t h i s  m o s t  cha l lenging  area. 

The p r e s e n t  apparatus  can 
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